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ABSTRACT
High sensitivity, selectivity and remarkable identification capabilities facilitate the
applicability of mass spectrometry (MS) in diverse fields. This dissertation outlines how this
cutting edge technology is used to determine the chemical composition of the ultra-small
nanomolecules (NMs) to atomic precision and obtain spatial resolution of selected biomolecules
using mass spectrometry imaging (MSI). Chapter I includes introduction to electrospray
ionization (ESI) and matrix assisted laser desorption ionization (MALDI) MS used in my PhD
research.
Chapter II explains how high resolution ESI-MS methods were developed to analyze the
polar water-soluble NMs. These new methods express how ESI-MS parameters need to be
optimized to analyze the polar NMs based on their polarity, chain-length of the ligands, size and
stability. In addition, new methods are presented on how to overcome common issues such as
impurities, adduct formation and solvent clusters arising during the analysis of polar NMs
including the special approach to enhance the peak intensities and lower the fragmentations. To
expand the horizons of the invented MS protocols, this chapter explains new protocols to
synthesis, separation and purification to get highly monodisperse NMs in an unprecedented
range from 10’s to 1000’s of atoms.
Chapter III contains new MSI methods developed to study biologically important
molecules and their spatial location in different samples such as microbial colonies, animal
tissues, plant tissues and forensic samples. The microbial species produced important natural
ii

products and metabolites which can be applicable in different fields. This chapter has two themes
based on method development for MSI to detect the important secondary metabolites including
rapamycin and manzamine in bacteria colonies. During imaging experiments new metabolomes
including iturin and fengycin were detected. After the discovery of iturin, to the new MSI
method facilitated the study of how host plant regulates iturin production. Recently, most
imaging applications are based on animal tissue imaging due to the pharmaceutical involvement
and disease control. This chapter includes MSI method developed to detect neurotransmitters in
chick brain tissues. Further, chapter III contains studies based on MSI method developed for
detection of natural products in plant tissues. Finally, a MSI method was developed for detection
of analytes in forensic samples.
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CHAPTER I

INTRODUCTION TO MASS SPECTROMETRY
1.1 Introduction
Mass Spectrometry (MS) was first discovered by J.J Thompson in 1912.1 MS has been
vastly developed in last few decades and now we are living in the modern era of the MS.2 It
plays a vital role in qualitatively and quantitatively characterizing different molecules that are
common in day-to-day life.2-5 In simple terms, the MS technique measures the weight of atoms
or molecules based on the mass to charge ratio. MS has a remarkable place in all the analytical
techniques due to its high sensitivity6, low detection limits7, compatibility with other
techniques8,9 and the diversity of its applications.10,11 The determination of composition of matter
using mass spectrometry is of great fundamental and practical significance as duly noted by the
Nobel prizes in chemistry for the invention of MALDI and ESI techniques. In this dissertation, I
outline the significant and novel advances made in the MS based composition determination of
thiolated metal nanoparticles and imaging of biomolecules.
MS instruments contain three main parts: ionization source, mass analyzer and detector.
The basic principle behind the MS is the formation of gas phase ions, achieved using an
ionization source. The ions generated from the ionization source are separated in the mass
analyzers based on the mass to charge ratio. The separated ions from the mass analyzer are
captured by the detector. The common ionization sources, mass analyzers and detectors are listed
in the Figure 1.1.12 Normally the components of the mass spectrometer are under vacuum to
1

prevent the loss of generated ions due to the collisions with gaseous molecules. In some cases,
these collisions are intentionally applied to eliminate unwanted ions or induce fragmentation for
structure elucidation purposes.13 Such induced collisions are called Collision Induced
Dissociation (CID).
1.2 Ionization Sources
The first principle behind the MS is creating the gas phase ions by using an ionization
source. The major principle behind the ionization is how much energy is transferred into the
analyte and how structurally feasible is the molecule of interest to absorb the energy depending
on the physical and chemical properties of the molecule.14,15 Based on these factors MS
ionization can be divided into two sub classes namely, soft ionization and hard ionization.16,17
Hard ionization techniques use relatively higher amounts of energy and therefore the analytes
tend to fragment. In contrast, soft ionization techniques produce ions of the molecular species
with minimal fragmentation.
Ionization sources can be further categorized based on liquid or solid phase ion sources.18
In liquid ionization sources, the sample is introduced as aerosol into the ionization source.
Electrospray ionization (ESI), atmospheric pressure photo and chemical ionization (APPI and
APCI) techniques belong to this category.18 In the solid phase ionization techniques, solid
sample is irradiated by an energetic photon source to generate ions. Matrix assisted laser
desorption ionization (MALDI) and secondary ion mass spectrometry (SIMS) are solid phase
ionization techniques.19
The internal energy needs to be increased significantly to ionize larger molecules.20 High
energy can cause fragmentations. Therefore solid and liquid phase softer ionization techniques
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are extensively used to detect larger molecules. Nowadays MALDI and ESI ionization
techniques are widely used for larger molecular MS detections.21

Ionization
source

Electron Ionization (EI)
Chemical Ionization (CI)
Electro Spray Ionization (ESI)
Atmospheric Pressure Photo and
Chemical Ionization (APPI & APCI)
Matrix Assisted Laser Desorption
Ionization (MALDI)
Fast Atom Bombardment (FAB)
Secondary Ion Mass Spectrometry
(SIMS)
Inductively Coupled Plasma (ICP)

Mass
Analyzer

Quadruple (Q)
Ion Cyclotron Resonance (ICR)
Time of Flight (TOF)
Magnetic Sector
Double Focusing
Orbitrap

Detector

Electron multiplier
Faraday cup
Photomultiplier conversion
dynode
Diode Array Detector

Figure 1.1: Parts of a mass spectrometer. Common Ionization sources, mass analyzers and
detectors are listed under each category. (Source: http://www.selectscience.net)
1.2.1 Matrix assisted laser desorption ionization (MALDI)
MALDI ionization technique is based on laser desorption process. High energy laser
pulse is used to ablate the materials from the surface to produce gaseous ions.22 This technique
was first discovered by Karas and Hillenkamp in 1988.23 Since its discovery, MALDI is widely
used to analyze larger molecules such as proteins24, oligonucleotides25 and polymers10 because in
MALDI there is no need of evaporation of analyte prior to ionization, which is the mechanism of
most other ionization sources. In MALDI, small organic molecules called matrix are mixed with
analyte molecules. Most of the matrices have high molar extinction coefficient in the UV to IR
region of electromagnetic spectrum.23 Matrix absorbs the energy from the laser and gently
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transfers that energy to the analyte. For this energy transfer to occur, the matrix needs to be cocrystallized with the analyte.23 Thus, the selection of appropriate matrix is a crucial step in
MALDI for different analytes. Common MALDI matrices, their structures and the analyte
considerations are shown in table 1.1.26-28
In MALDI-MS, analyte molecules are mixed with a large molar excess of matrix
molecules in appropriate solvent. Matrices are the molecules that absorb the laser energy and
therefore should be in large excess. If the analyte is surrounded by abundant matrix molecules,
high amount of energy can be transferred to the analyte.29 At the same time, too much energy
will cause fragmentations and loss of the molecular ion signal. So there is always an optimal
ratio of matrix to analyte in MALDI. This is always a crucial step in method development for
different analytes in MALDI-MS.
In addition to the choice of matrix, instrument polarity and laser considerations are other
crucial factors in sample preparation of MALDI.30 Most MALDI mass spectrometers can be
operated in both positive and negative polarity modes. In positive mode, acids and cations can be
mixed with matrix to help the generation of positive ions. In contrast, negative ions can be
generated by using bases.31 Some matrices such as 2,5-dihydroxybenzoic acid (DHB) need
higher laser energy.32 Further, matrices should be stable under vacuum to prevent sublimation
inside the mass spectrometer during the analysis.31
After mixing the analyte molecules with proper ratio of matrix molecules, the mixture is
dried by solvent evaporation, during which, the analytes molecules are extracted into the matrix
molecules and matrix molecules co-crystallize with the analyte molecules.33 Because of this cocrystallization between the analyte and the matrix, MALDI has a great tolerance for the sample

4

Matrix

Structure

Analyte considerations

2,5-dihydroxybenzoic acid

Lipids, polar nanoclusters and

(DHB)

small molecules

3-(4-hydroxy-3,5-

Proteins and small molecules

dimethoxyphenyl)prop-2enoic acid (Sinapic acid - SA)
α-cyano-4-hydroxycinnamic

Peptides, Lipids and small

N
HO

acid (CHCA)

OH

molecules

O

2,4,6-trihydroxyacetophenone

Lipids and small molecules

(THAP)

2,6-dihydroxyacetophenone

Lipids

(DHAP)

3-hydroxypicolinic acid

Oligonucleosides

(HPA)

trans-2-[3-(4-tertbutylphenyl)-

Non polar nanoclusters

2-methyl-2-propenylidene]
malononitrile (DCTB)

Table 1.1: Common MALDI matrices, their structures and other analyte considerations
5

contaminated with impurities such as salts and detergents. After drying, the sample is irradiated
with the laser. The energy is first absorbed by matrix molecules and then transferred to the
analyte molecules. Due to this energy transfer the analyte molecules are desorbed from the
surface, get ionized and enter the mass analyzer as gas phase ions. Then the mass spectrometer
separates these ions by using mass analyzer and identified using the detector.33
1.2.2 Electrospray ionization (ESI)
Electrospray was first used to disperse liquids and create aerosols. Later this idea was
successfully used to ionize larger molecules such as polymers and proteins by John Fenn.10 ESI
is widely used in many fields such as proteins, lipids, carbohydrates, oligonucleotides, polymers,
nanoparticles, drugs and metabolites.25

Figure 1.2: ESI source operated on positive ion mode. (Source: http://www.waters.com)
In ESI, the solution containing analyte is injected through a high voltage capillary tube at
atmospheric pressure. Due to the high voltage produced by the capillary, analyte molecules and
the solvent molecules become charged and are oriented in an ordered pattern to form the charged
droplets. This process results in a fine mist of charged droplets at the end of capillary. When
these charged droplets travel further, they shrink due to the solvent evaporation. But at a given
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radius, there is a limit on the charge that can be held by the surface tension of the droplet. The
minimum radii of the droplets depend on the solvent system. Therefore after certain limit which
is called as Raleigh limit, the droplets explode and produce small droplets that only contain the
charged molecular ions with a minimal amount of solvents. This explosion is called as coulomb
explosion. Due to the continuous flow of desolvation gas into the ESI chamber, most commonly
nitrogen, the remaining solvent molecules are removed and multiply charged gas phase ions are
produced.34
ESI is successfully applied in a variety of molecules, but is a selective technique.34 The
molecules that are charged can be easily ionized by the ESI source. In this case ESI ion source
will help to remove the counter ions from charged molecules. But for other molecules either pKa
or pKb plays a major factor to determine if they are analyzable in ESI.35 These values are directly
related to whether the molecules can be charged by protonation or deprotonation. Furthermore,
this determines whether positive or negative ionization mode is suited for the analyte. In addition
to the protonation and deprotonation, other major mechanisms of ion formation are oxidation or
reduction and adduct formation.34 Oxidation or reduction is possible when analyte solution is in
contact with the capillary. Sometimes reduced or oxidized solvent molecules can combine with
analytes and result in complex mass spectra. In ESI source, adduct formation can occur when
polar analyte molecules combine with cations or anions. Cations such as Li+, Na+, K+, Cs+ form
adducts in positive mode and anions such as chloride or acetate form adducts in negative mode.36
Generation of multiply charged ions is the main advantage of ESI compared to the other
MS techniques. Multiple charged ions have two advantages. First, mass is always divided by
some number of charges of the analyte ion and therefore high molecular weight compounds
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appear at a lower mass region in the mass spectrum. Therefore higher molecular weight
compounds can also be detected in instruments with a limited mass range. Secondly, the
resolution can be vastly improved when molecules are detected in lower masses.37

Figure 1.3: Earlier design of ESI ion source. Reprinted with permission from reference 39.
Copyright (1968) AIP Publishing LLC.
ESI is a soft ionization technique and produces minimal fragments. At the same time, ESI
is a very sensitive technique.37 Therefore very low concentrations of analytes can be used. But
sensitivity depends on the analyte of interest, concentration and other electrolytes in the solution.
Selection of ESI solvents mainly depends on the surface tension, if it is within the range that
facilitates the generation of a stable spray.38 Methanol and acetonitrile facilitates the spray
formation and are common solvents for ESI. But solvent mixtures like methanol-water and
acetonitrile-water are often used. If the solvent is more polar, such as water, its surface tension
increases and is more difficult to adjust the parameters to get stable spray. Similarly, if the
solution is less polar such as toluene, it's also difficult to get the stable spray due to the low
surface tension, high volatility and low dielectric constant.38 Solvents play an important role in
determining the analyte pKa or pKb values. The pH of the analyte solution is an important factor
to control the protonation and deprotonation to generate the gaseous charged ions. Non-volatile
acids such as acetic acid, formic acid and bases such as ammonium hydroxide are commonly
8

used as additives in ESI to control the pH and ionize the analyte. But volatile acids such as HCl
suppress the ion formation.37
Normally fused silica and stainless steel are used to make the capillaries for electrospray.
Earlier designs of ESI sources used skimmer cone to extract the ions shows in Figure 1.3.39 Two
cone design is one of the most common designs used in modern instruments.40 In this design,
sample cone and skimmer cone are used to extract ions produced near the capillary tip. The
position of the electrospray capillary is important compared to the position of the first cone.41
The core of the electrospray contains larger droplets compared to the surrounding. Therefore in
most of the cases capillary tip is situated off axes position from the center of the cone to omit the
larger droplets. Orthogonal arrangement of the capillary tip and the orifice of the cone are most
suited methods as shown in Figure 1.4.41 This design has advantages such as saving the blockage
of the orifice from coating materials that come out with the flow, ability to extract the smallest
droplets and ability to omit larger amount of solvents during high flow rates.

Figure 1.4: Orthogonal arrangement of sampling cone and capillary tip in ESI ion source.
(Source: http://www.waters.com)
The flow rates, capillary design in addition to the position of the capillaries relative to the
cones play a major role in the production and trapping of the ions.41 The normal flow rates vary
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in-between 1-20 µL/min based on solvent composition.42 Depending on the flow rate,
introduction of drying gas or curtain gas becomes a necessary component in the modern ESI
source design.41 Drying gas aids the ESI process in many ways.43,44 It helps the desolvation and
guides the produced gas phase ions towards the orifice of the cone. Generated ions combine with
solvent molecules to form weekly bound species inside the ESI source. This process is known as
clustering.45,46 Further, solvent molecules also tend to enter into the MS through the orifice. This
can lead to rising baseline and masking of the desired peaks.46 Drying gas help to remove the
solvent clusters. In addition to the drying gas, the gas flow into the source chamber which is
called source gas is common in most modern ESI sources. This will help in the elimination of the
solvent vapors, neutral molecules, small dust particles and buffer salts from the orifice of the
cones.41 After the ions enter through the orifice of the first cone, there is a possibility of reclustering of species due to the collisions. These collisions mainly happen in between the spaces
of extraction and the sample cones. To break these weak interactions, another low pressure gas
flow is used which is called the cone gas.41 Cone gas flows into the cone regions.
The ESI process happens at the atmospheric pressure. When generated gas phase ions
enter from atmospheric pressure region to low vacuum region, significant cooling can occur due
to the expansion.47 At this time there is a possibility of polar neutral molecules to combine with
the analyte molecules.48 Therefore to omit this cooling; drying gas, source gas and cone gas are
supplied to the ESI source after heating.41 In most modern instruments, the temperature of these
gases can be adjusted depending on the analyte. Further, heating of the whole source is employed
to minimize the cooling of the gas phase ions due to expansion. So most of the ESI instruments
are embedded with in house source heating.49
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The neutral charge and opposite charge species can cause peak broadening by clustering
and may result in uneven base lines.41 Therefore it is necessary to prevent these species from
entering the mass analyzer region. Directing the desired gas phase ions to the mass analyzer
region by using a potential difference will omit the unwanted species.50 Pressure difference
further helps to draw the ions in to the mass spectrometer.41
Even though ESI generates multiple charged ions, in some cases singly charged ions are
formed. This is mainly due to the inaccessibility of many of the charge generation sites.51 In
these cases, this problem can be overcome by applying voltages to the sample and extraction
cones.52 These voltages help to activate the molecules and give sufficient energy to produce
charge generation sites depending on the ionization mechanisms. Sometimes, an increase in the
cone voltages causes decrease in charge state in the analyte. When cone voltages are increased,
sufficient energy is transferred to the gas phase ions causing fragmentation. 52,53 Therefore the
cone voltages need to be controlled wisely to get the molecular ions with multiple charges.54
1.3 Mass analyzers
The mass analyzer separates the ions depending on the mass to charge ratio. The most
common mass analyzer is the quadrupole mass analyzer.55 High ion transmission, compact size
and low cost makes this mass analyzer the most commonly used.56 Quadrupole mass analyzer
consists of four parallel rods or electrodes arranged across from each other as shown in Figure
1.5a. The direct current voltage and radio frequency are applied to these rods. This radio
frequency and voltage change alternatively when the ions travel through the analyzer. Depending
on the radio frequency and direct current voltage, ions are directed through a certain trajectory,
allowing certain mass to charge ions to reach the detector. Other ions collide with the poles and
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are destroyed.56,57

Figure 1.5: a) Schematics of quadrupole mass analyzer b) Schematics of TOF mass analyzer
(Source: http://encyclopedia2.thefreedictionary.com and http://www.shimadzu.com)

The time of flight (TOF) mass analyzer separate the ions based on the time taken to travel
through the drift tube.58 Unlimited mass range and fast scan rates are the main advantages of
TOF analyzer. Figure 1.5b shows the schematics of TOF mass analyzer. After the ion source
generates the ions, they are accelerated into the flight tube by an electric field. All the ions are
accelerated with same voltage and they have same kinetic energy. When the ions are moving
towards the drift tube, the velocity of the ions depends on the mass. That is, lighter ions travel
faster than the heavier ions. Therefore the ions are separated based on the time taken to reach
detector given by following equation.59
=

√

m/z

×

Where, t = flight time
L = length of drift tube
V = acceleration voltage
e = charge of electron
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m = mass
z = charge
Sometimes by using reflectron or ion mirrors the ion beam can be reflected in the opposite
direction. By using this mechanism, the flight path of the ion beam can be increased in TOF
analyzer. The reflectron increases the flight time and thereby separation, which in turn translates
to higher resolution. But the sensitivity is decreased due to the collision with the reflectron or ion
mirrors.58
1.4 Collision Induced Dissociation (CID)
Some ion sources are operated at the atmospheric pressure. Except for few cases, all the
components of the MS instruments are under vacuum to prevent the collisions between the
generated ions and the atmospheric gas phase ions.41 But in modern MS, it is common to
intentionally fragment the analyte ions by applying a low pressure gas. This is called as CID and
it has two main advantages.60 Firstly, the intentional fragmentation of molecules help in
structure elucidation. That is, structural information and connectivity of the molecules can be
obtained by analyzing the fragments. Secondly, it helps the dissociation of weekly bound species
or unwanted clustering.61
During CID, a neutral molecule or ion collide use the kinetic energy to create internal
energy transfer to dissociate the ion of interest.62 Therefore it has three steps, collision, energy
transfer, and dissociation. Commonly CID uses collisional gases such as He, N2 and Ar to induce
the collisions. CID decrease the baseline noise and increase signal to noise ratio. 60
1.5 Waters™ Synapt G1 Q-TOF MS
Figure 1.6a shows the schematic diagram of the Waters™ Synapt G1 MS that I used in
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my doctoral research. This is a high end advanced MS embedded with ion mobility cell which
has the capability of separating isomers.62 In Synapt, ionization sources can be interchangeable
between MALDI and ESI depending on the application. After generating the ions, they are
guided into an ion guide by using radio frequency. This is because the ions are generated in
atmospheric pressure in sources like ESI and the pressure is not enough to guide the ions into the
MS by using regular lenses that are used in regular MS. This Quadrupole mass analyzer has
capability of separating ions up to 32k m/z. The Waters™ Synapt G1 mass spectrometer is
embedded with a complex CID system. It consists of three components namely, trap, ion
mobility and transfer respectively. First, trap accumulates the separated ions and they are
collisionally dissociated by using Ar gas. Then ions enter into the ion mobility cell and ion
mobility cell separates the isomers. The separated ions are collected, sorted according to the m/z
and sent to the TOF tube by transfer. The TOF tube has two modes which are V and W mode
shows in Figure 1.6b. The V mode has one reflection ion mirror to guide the ions thorough the
detector. In W mode there are three ion mirrors to increase the path length. The resolution is
higher in W mode but sensitivity is low compared to the V mode.

a
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b

Figure 1.6: a) Schematics of Synapt G1 Q-TOF MS b) Schematics of TOF mass analyzer in
Synapt G1 Q-TOF. The left panel shows the ion path in V mode and right panel shows the ion
path in W mode (Sources: http://depts.washington.edu/bushlab and http://www.waters.com)

1.6 Bruker™ Autoflex I and II MS
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Figure 1.7: Representative schematic of Bruker™ Autoflex. (Sources :
http://www.sigmaaldrich.com/technical-documents and http://www.bruker.com/products/massspectrometry)
Representative schematic of MALDI-MS instrument that I used in my doctoral research
is shown in Figure 1.7. After spotting the sample on the conductive MALDI plate, it is inserted
into the MALDI instrument which is under vacuum. Generally, MALDI analysis is performed
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under vacuum in contrast to the ESI process, which is performed under ambient conditions. The
Bruker™ Autoflex I instrument is equipped with a N2 laser that has a wavelength of 337 nm. The
Bruker™ Autoflex II instrument is equipped with a smart beam laser has a wavelength of 355
nm. Ions are produced when the sample is irradiated with laser pulse. The ions generated are first
collected using an ion grid. Later they are released as ion packets into the electric field generator
region. The ion collection time in a single cycle of ion packet can vary based on the voltage of
the ion grid. Further, this time is varied based on type of the analyte, matrix and instrument
parameters. These ions are accelerated by electric field generator region. Then ions are separated
based on m/z charge ratio in flight tube and detected. The voltage of field generators and length
of the flight tube are same for both Autoflex I and II the instruments.
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CHAPTER II

MASS SPECTROMETRY OF ULTRA-SMALL NANOMOLECULES
2.1 Introduction
2.1.1 Ultra-small nanomolecules (NMs)
A particle having one or more dimensions of the order of 100 nm or less is termed as
nanoparticle. Nanoclusters are a sub-class of nanoparticles, but smaller in size.63 The clusters that
are less than 2 nm in size are called as ultra-small nanoclusters. Some nanoclusters are surface
coated with ligand (SR) monolayers to prevent aggregation in solutions. If the atomic
composition of ultra-small nanoclusters is known to the precision with ± 0 atom variation, they
can be called nanomolecules (NMs).21,64 Common NMs synthesized to date with aliphatic
ligands are shown in Figure 2.1. In 1-2 nm region Au25, Au38, Au67, Au144 and Au329 are the
stable magic numbered compositions with ± 0 atoms. When nanoparticles become larger in size
they are no longer atomically monodisperse. The variation is as large as ± 10 atoms shown in
Figure 2.1c.64
2.1.2 Stability of NMs
The noble gas electronic configurations are stable conformations, since they are
chemically inert. If a metal has valence electrons that are additional electrons after achieving the
noble gas configuration, these electrons can be donated to a ligand to form a stable complex.
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Figure 2.1: a) The 1−100 nm size regime with NMs in the 1−2 nm region, and other
nanoparticles in the 2−100 nm regime b) Thiolated gold NMs, such as Au25, Au38, Au67, Au144
and Au329 with a precise number of metal atoms and thiolated ligands and Au∼500±10(SR)∼120±3. c)
The dashed line, between 329− and 500− atom sizes, indicating the transition between the fixed
composition containing NMs region, with ±0 Au atom variation versus polydisperse
Au∼500±10(SR)∼120±3 particles, with a ± 10 Au atom variation. Reprinted with permission from
reference 64. Copyright (2014) American Chemical Society.

Metallic nanoclusters are constructed by gathering metal atoms and forming stable multi atom
nano-sized structures. So in monolayer protected metallic NMs, depending on the total number
of valence electrons donated by total number of atoms, there is a possibility to restore the noble
gas configuration. If a cluster consists of closed shell of valence electrons such as 2, 8, 18, 34,
58, 92, 138, it can be called as superatom.65 This phenomenon is known as Delocalized Electron
Shell Closing (DESC). Knight and co-workers first proposed DESC theory based on the sodium
clusters observed in periodic pattern in mass spectra.66 An example of such mass spectrum is
shown in Figure 2.2 and superatom Na clusters such as Na8, Na20, Na40 and Na58 show peaks of
higher intensity compared to other combination of Na atoms.
The stability of superatom clusters can be explained using jellium model.66 In the jellium
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model, the nuclear charge experienced by the valence electrons from the cluster center is
assumed to be distributed evenly over the cluster.66,67 Based on this model, larger HOMOLUMO gaps are expected for inertness of stable nanoclusters in the same way that noble gases
are rendered stable.65,68

Figure 2.2: Mass spectrum of sodium clusters. Magic numbers are indicated above the relevant
peaks. Reprinted with permission from reference 66. Copyright (1987) Elsevier Limited
For ligand protected NMs, the role of ligands in the formation of superatom
complexes should be considered. Depending on the nature of ligand, they can be either electron
localizing or withdrawing.69 Electron withdrawing ligands attract electrons from the metallic
core and some ligands are attached to the core surface as weak Lewis bases, but do not withdraw
electrons. Therefore by combining the DESC model and the nature of the ligands in the
superatom complexes, valence electrons for the monolayer protected NMs can be explained by
the simple equation given below.65,69,70
n* = Nva - M - z
Where,

n* - number of electrons
Nva - number of delocalized electrons from metal
M - number of electrons from ligand
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z

- overall charge on the complex

If the n* is a closed shell number, that certain NMs show extra stability. For example, in the case
of [Au25(SR)18]- by applying NvA = 25, M = 18, z = -1 in equation,
n* = 25-18-(-1) = 8
which is a closed shell number.
Geometric structures with closed shell are potentially stable due to the high symmetry,
high mean coordination, low surface area and low strain.33,65,68 The geometric shell closing
bestows extra-stability by highly symmetrical arrangement of metal atoms in the metallic cores.71
As an example, Au25(SR)18 consists of Au13 icosahedral core and six -S-Au-S-Au-S- motifs
shows in Figure 2.3. Within the central icosahedral core, 12 atoms are located at the vertices of
the icosahedron while the 13th gold atom is located at the center.72 According to the theoretical
structure predicted by Hakkinen’s group, Au144(SR)60 NM has three concentric shells of 12, 42
and 60 atoms protected by 30 –SR–Au–SR– staple groups.71 The structure of the metallic core is
shown in Figure 2.4.
The NMs Au102(SR)44, Au68(SR)34, Au44(SR)282-, Au25(SR)18- and Au12(SR)9+ have
electron shell closing numbers of 58, 34, 18 , 8 and 2 respectively according to the superatom
model.65,68 But the jellium model can be applied for spherical core metal clusters only. Stability
of Au38(SR)24 NM cannot be predicted by this model.73 But super valence bond (SVB) model
successfully explains that Au38(SR)24 is also a superatom.68 Au144(SR)60 NM is not a magic size
based on its 84 electron count according to the jellium model. Highly symmetric geometrical
arrangement of the core might contribute to the stability of the NM.71
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Figure 2.3: Au25(SR)18 crystal structure, consists of Au13 icosahedral core and six -S-Au-S-AuS- motifs

Figure 2.4: Theoretically predicted core of Au144(SR)60 NM, consists of three concentric shells
of 12, 42 and 60 atoms
Highly symmetric core structures and other factors such as geometric minimization,
symmetry considerations and ligand steric stabilization also contribute to the stability of the
NMs.74 Recent articles published by Dass’s group reported that these factors have more impact
on stability of NMs compared to the electronic stability.74 The ratio of surface area to volume
(S/V) plays a major role in incompressible objects when considering the geometric factors.75 The
most geometrically stable objects consist of minimum S/V. Figure 2.5 shows the surface area vs
volume plot of NMs in comparison with the other common geometric objects found in nature
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including the sphere.74 All common geometrics given in the plot follow the 2/3 scaling rule
including the NMs. This theory termed as “nano-scaling law” is represented by the following
equation;
L = 1.82 N

2
3

Where, L is number of ligands and N is the number of gold atoms. This simply means that the
numbers of gold atoms and ligands are carefully chosen based on the most compact geometrical
shape.74,75

Figure 2.5: Nano-scaling law: Plot of the number of thiolate ligands vs. gold atoms in thiolated
gold NMs. Note that the gold NMs (olive), sphere (blue circles) and Platonic solids (blue) such
as icosahedron, dodecahedron, octahedron, cube and tetrahedron all have an identical 2/3 scaling.
Reprinted with permission from reference 74. Copyright (2012) Royal Society of Chemistry
2.1.2 Synthesis of NMs
There are mainly two methods to synthesize NMs; a two-phase method and one-phase
method.76 All other synthetic protocols are developed based on these two methods. The choice
between these two methods is based on the solubility of reactants and resulting NMs in the
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product in most of the cases. Two phase method is the most common method in literature. This
method was first reported by Mathias Brust and David J. Schiffrin in 1994 and therefore termed
as Brust- Schiffrin method in their honor.77 The two-phase method is suitable to synthesize nonpolar NMs that are soluble in non-polar solvents such as toluene. But the metal salts used to
synthesize these NMs are highly ionic in nature and in most cases insoluble in non-polar
solvents. On the other hand the non-polar NMs are protected with non-polar organo thiols. For
this reason, the synthesis cannot be performed in a polar or non-polar solvent and it is required to
use two solvents. In this method highly ionic metal salt is first dissolved in water and the metal
ions are later transferred to the non-polar phase using a phase transfer agent.
Tetraoctylammonium bromide (TOABr) is the most common phase transfer agent used in the
two-phase method for the synthesis of NMs.78 In most of the cases toluene is used as the nonpolar solvent. NMs can be synthesized by adding the ligand followed by a reducing agent.77
Sokolov and coworkers first reported the one phase method.79 In one-phase method, the
reaction is performed in one solvent that must be polar enough to solubilize both the metallic salt
and the protecting ligands. NMs can be synthesized by mixing the metal salt and the ligand
followed by the addition of reducing agent in a single solvent. Frenkel and coworkers showed
that cluster size is dependent on method, i.e. one or two phase as well as Au to thiol ratio.80
2.1.3 Polydispersity and monodispersity of NMs
Synthesis of NMs yields a polydisperse product containing a distribution of sizes, except
few cases.81 Therefore it is always challenging to get the desired NM in high purity.
Monodisperse samples can be obtained from polydisperse mixtures using two methods; etching
and size separation.82 Etching or thermochemical treatment involves thermally treating the
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polydisperse NM sample in excess ligand. During etching, the metastable clusters decompose
leaving few stable NMs in the reaction mixture. It is necessary to carefully select the conditions
for thermochemical treatment. These conditions depend on the size-distribution of the starting
material, reaction time, temperature and the solvent system.83,84
The second method is separating the mixture of NMs using various separation techniques
to yield highly monodisperse NMs. The most common techniques for the separation of NMs are
solvent fractionation, size exclusion chromatography (SEC), polyacrylamide gel electrophoresis
(PAGE) and high performance liquid chromatography (HPLC).82 In solvent fractionation, NMs
are precipitated based on the solubility. If the NMs are larger in size, their polarity is less
compared to the smaller NMs. When the polarity of the solution of NMs is increased by using
different solvent ratios, larger NMs precipitate first followed by smaller NMs. The precipitated
NMs can be carefully removed from the product mixture thereby allowing the size separation.
The solvent fractionation method is trial and error and requires multiple separation cycles due to
lack of control.85
In SEC, the particles are separated according to their size, i.e, mainly based on their
molecular weight if the particles are uniform in shape.86 In this technique, porous matrix is used
as stationary phase and polar or non-polar mobile phase can be used depending on the polarity of
the NMs. When the NMs are travelling with the mobile phase, only the smaller NMs enters into
the pores of the matrix. Therefore smaller sizes take longer paths compared to the larger
molecules that are traveling in-between the pores. Thus the larger NMs elute first compared to
the smaller ones. SEC of NMs was first reported by Burgi and coworkers.82 They showed that
this technique can be successfully used to separate Au38(SR)24 and Au40(SR)24, which has a
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difference of two gold atoms. The disadvantage of this technique is the lack of availability of
suitable solid phase for separation of NMs with various thiolates especially the water soluble
ones.82 SEC can be used for separation of NMs with phenylethanethiol, hexanethiol,
dodecanethiol, thiophenol, tert-butyl thiol and tert-butylbenzylthiophenol.82,87-89
PAGE is only suitable for separation of highly polar water soluble NMs.90 The principle
behind the PAGE is the mobility of charged molecules through a gel matrix under the applied
electric field. In PAGE, acrylamide and bisacrylamide are polymerized to produced a porous
matrix in the presence of N,N,Nꞌ,Nꞌ tetramethylethylenediamine (TEMED). Bisacrylamide acts
as a cross-linker between two polymeric chains and the polymeric reaction can be initiated by
ammonium persulfate (APS). Inside the controlled pH buffer, the charge of NMs becomes
constant. Hence the molecules travel through the gel matrix and are separated according to their
size. In PAGE, it is harder for the larger NMs to travel through the crosslinked gel matrix and
therefore travel slowly compared to the smaller NMs. Recently, HPLC was successfully used to
separate NMs by Negishi and coworkers.91 But this technique is not applicable for separation of
larger NMs due to its analytical scale limit of sample size.82
2.1.4 Characterization of NMs
NMs have gained greater attention recently due to their extraordinary stability, magnetic,
thermal, electronic and optical properties.92-94 The high surface area and high stability make NMs
good candidates for catalysis.36,95,96 Intense optical properties in NMs can be exploited to use
them as sensors.97 Over the past few years, the bridging between the living organisms and gold
nanoparticles is strengthened after assembly of these NMs with biomolecules.92,98 The bio-nano
assembly has further advanced to combine small molecules such as drugs and macromolecules
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like proteins, RNA and DNA with NMs.98,99 Low toxicity and good biocompatibility of NMs is
desired for biological applications.100
Due to this vast number of applications of NMs, several analytical techniques were
extensively developed for the last two decades to characterize NMs.76 By using these techniques
composition, structural information, optical, magnetic and electronic properties of NMs can be
identified or measured. Compositional assignment of NMs is accomplished mainly by using MS
techniques. Previously imaging techniques such as TEM and SEM were widely used to obtain
the size of the NMs.76 However, these techniques cannot give accurate information about the
composition.
The optical and electronic properties of NMs can be studied using different
techniques.101-104 UV-visible-NIR spectroscopy is the most widely used technique for this
purpose due to its low cost and ease of operation. UV-visible-NIR spectroscopy provides
information about the electronic transitions of NMs.105 NMs can absorb in the UV, visible or
near IR wavelengths. Because of the absorbed energy, the electrons in the lower energy level of
the NM can get excited into the higher energy levels. These energy transitions represent the
molecular orbital arrangement and electron distribution within the NMs.105
UV-visible-NIR spectra of NMs give insights about their size dependent properties.105
The absorption spectra of the metal nanoparticles are complex and depend on the type of metal,
size, dielectric constant of the medium and temperature.105 The optical absorption spectra of gold
NMs, which have 20 to 1000 gold atoms, can be categorized into three classes. For small NMs
(10-39 Au atoms), absorption spectra have distinct and sharp peaks, due to the electronic
transitions between discrete quantized energy levels.101 NMs with ~40 to ~200 Au atoms display
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monotonous absorption spectra with minor features. This happens because the energy gap of
molecular orbitals that are responsible for electronic transitions from 5d molecular orbital to
conduction band is lower compared to the smaller NMs (<38 atoms).105 If the NMs are larger
than 2 nm (>200 atoms), a featureless absorption curve is observed except for the broad
absorption band around 530 nm. This phenomenon is called as surface plasmon resonance (SPR)
effect. SPR is observed due to the coherent oscillation of the conduction band electrons induced
by the interacting electromagnetic field.105
Electrochemical techniques such as cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) are also widely used to characterize NMs.104,106 Using voltammetry
techniques, the HOMO-LUMO gap and its variation due to the structural changes can be
calculated accurately.103 Further, these techniques also give information about the molecular
orbital arrangement. HOMO-LUMO gap and electronic properties of the NMs are crucial to
deduce the catalytic properties of NMs.106
Structural properties of NMs are studied using powder or single crystal X-ray diffraction
methods.107 Single crystal X-ray diffraction provides information about the atomic arrangement
of the NM in 3D space. There are very few reports on crystal structure of NMs in literature due
to the difficulty in crystallization of NMs. Powder X-ray diffraction technique gives information
about the surface structure and the unit cell of NMs.81
2.1.5 Mass spectrometry of NMs
The chemical and physical properties of NMs are significantly different from bulk
metal.108-110 NMs are extensively used as heterogeneous catalysis, microelectronics and optical
sensors.111-113 The chemical and physical properties of NMs can be tuned based on their size and
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therefore these properties are named as "size dependent properties".64,110 Size dependency is
important when considering the NMs because changing the atom count by one or few number of
atoms can cause changes in physical and chemical properties of NMs.101 As the properties of the
NMs vary with a change in few metal atoms and ligands, precise atom counting techniques such
as MS are highly valued in NM research and there is a high demand for developing new methods
for MS detection of NMs.100
Monodispersity also has significant impact on NM research.114 According to the earlier
reports, the term “monodisperse nanoclusters” does not reflect single species present in the
product, instead, represented a combination of nanoclusters which are very close in size.115 This
inaccuracy existed because all the nanocluster measurements were based on imaging techniques
such as TEM,76 which only yields information about the size (diameter) of the particles. But
nanoclusters with size distribution are not suitable for modern world applications due to high
dependence of physical and chemical properties on the number of metal atoms and ligands.64,116
Therefore the term "atomic precision" became a requirement in NM research.117 MS is the most
convenient and appropriate method to verify the atomic precision of NMs.
Whetten and coworkers first reported the MS of NMs.110 Their MS characterization is
based on laser desorption ionization MS (LDI-MS). In LDI-MS, the dried NM sample is
irradiated with a laser pulse. Due to the energy of the laser beam, particles are desorbed and
ionized. But this technique does not use matrix, therefore the energy transfer to NMs from the
laser is not gentle. Due to high energy of the laser pulse, the staple motifs around the NM are lost
and only the stable metal core compositions can be obtained by LDI-MS. Figure 2.6 shows the
LDI-MS spectra reported by Whetten and coworkers for different sizes of NMs.110 Presently,
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MALDI-MS and ESI-MS are widely used to find the composition of NMs.28,118 In addition, MS
is successfully used to follow the reactions such as size evolution119, ligand exchange120 and
doping of NMs with foreign metal atoms.21,112
MS of NMs depend on their size, solubility, stability and chemical structure. When the
NMs get larger in size their solubility in polar solvents decreases.121 Some MS techniques such
as ESI-MS need high solubility of sample for electrospray process.122 If the NMs are not stable
they will fragment in the MS ion source and no molecular ion peaks can be detected.28
MALDI-MS of NMs was introduced by Murray’s group in 2008.28 Murray’s group
introduced DCTB matrix for non-polar NMs, which give molecular ion peaks with minimum
fragmentation. MALDI mass spectra of Au25(SR)18 reported by Murray and coworkers is shown
in Figure 2.7. Au25(SR)18 was synthesized using phenylethanethiol (PET) ligand. Minimal
fragmentation is observed in this mass spectrum compared to the mass spectra acquired by LDIMS shows in Figure 2.6. The loss of Au4(PET)4 leads to the fragment of Au21(PET)14 the major
fragment at 6054 m/z. DCTB matrix is only suitable for NMs with monolayer covered with nonpolar ligands. For NMs protected with polar ligands, the most suited matrix is DHB.123 MALDIMS of polar NMs using DHB matrix is highly dependent on sample preparation techniques.
Therefore MALDI-MS is not regularly used to analyze the polar NMs due to lack of
reproducibility. Dass and coworkers showed that MALDI-MS is highly suitable to analyze
mixtures of non-polar NMs.119
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Figure 2.6: LDI mass spectra of several gold NMs. The peaks observed correspond to the gold
core with no ligands. Reprinted with permission from reference 110. Copyright (1996) John
Wiley and Sons

Figure 2.7: (A) Positive MALDI-TOF-MS spectrum (Applied BiosystemsVoyager-DE Pro, in
linear mode) of Au25(PET)18 with HABA (2-(4'-Hydroxybenzeneazo)benzoic acid) matrix (gray).
(B) Positive MALDI-TOF-MS spectrum (Bruker™ Ultraflex I in Reflectron mode) of
Au25(PET)18 with DCTB matrix. Reprinted with permission from reference 28. Copyright (2008)
American Chemical Society
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Figure 2.8: Expanded ESI-MS(red) and MALDI-MS(blue) spectra of Au329(SR)84 NM.
Reprinted with permission from reference 125. Copyright (2014) American Chemical Society
ESI-MS is widely used to characterize NMs and is capable of producing multiple charged
ions and offers high sensitivity.124 Figure 2.8 shows MALDI-MS and ESI-MS spectra of
Au329(SR)84 NM.125 ESI-MS, red spectrum, shows multiply charged species, but MALDI-MS,
blue spectrum, shows only +1 charge state.125 ESI-MS was successfully used by Tsukuda’s
group to compositionally assign PAGE separated series of NMs.90 These studies were based on
low resolution MS and high resolution MS of NMs was first introduced by Murray’s group in
2007.126 In addition to MALDI and ESI, fast atom bombardment MS to compositionally assign
Au25(SR)18 was reported by Murray group.127 MS advances such as ion mobility MS are
successfully employed for detection of NMs by Dass group.69
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Figure 2.9: (A) ESI-MS of PtAu24(SR)18 NM. (B) Experimental and simulated isotope patterns
of PtAu24(SR)18Cs+ and Au25(SR)18Cs+. Reprinted with permission from reference 128.
Copyright (2012) American Chemical Society
The assigning of the mass to certain NMs can be done by exact mass. The mass of the
NM is given by following equation.
Mass of MX(SR)Y = (X × mass of M) + (Y × mass of -SR)
In some cases NMs are associated with counter ions and the mass of the counter ion should be
added into the total mass of the NM. Alloy NMs consists of two types of metal atoms or multiple
ligands. In those cases, the above equation can be modified depending on the number of metal
and ligand. If two NMs have very close mass values, the accurate mass method alone is not
enough to assign them. Recently Jin and coworkers synthesized Au24Pt(PET)18 NM that has a
mass difference of only 2 Da compared to the Au25(PET)18.128 So Au25(PET)18 has a mass of
7394 m/z. Compared to the 7394 m/z only a (2/7394)*100% = 0.027% can cause misleading
compositional assignment. Therefore mass assignment based on fragmentation pattern, isotopic
distribution pattern and internal standard methods have to be accurately applied for
compositional assignment. Jin and coworkers used isotopic distribution pattern of Au24Pt(SR)18
to distinguish it from Au25(SR)18 NM as shown in Figure 2.9.128
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2.1.6 Polar vs non-polar NMs
Depending on the solubility gold NMs can be mainly divided into two categories, polar
NMs and non-polar NMs.100 Polar NMs are protected with polar ligands and they contain
carboxylic, alcoholic and amine polar groups which are soluble in solvents such as water. Water
solubility is an added advantage for NMs, as water solubility would facilitate the use of these
materials in biomedical applications.98,129,130 Water soluble NMs are environmental friendly and
they do not contain toxic ligands.100 Further, they do not involve hazardous chemicals such as
toluene in their synthesis and purification steps. On the other hand non-polar NMs contain
ligands with non-polar groups. Common ligands that are used to synthesize NMs are given in
table 2.1.
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Polar ligands
Name

Non-polar ligands

Structure

Name

Structure

phenylethanethiol
(PET)

glutathione (SG)

hexanethiol

captopril (Cap)
paramercapto
benzoic acid
(pmba)

dodecanethiol

5-mercapto-2nitrobenzoic acid
(MNBA)

thiophenol

2-(2sulfanylpropanoyla
mino)acetic acid
(tiopronin)

2-naphthalenethiol
(NT)

4-fluorothiophenol
(FTP)

tert-butyl thiol

4-nitrothiophenol
propane thiol

cysteine

4-(tertbutyl)benzenethiol

thioctic acid

butane dithiol

Table 2.1: Common polar and non-polar ligands and their structures
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2.2 Experimental section
2.2.1 Synthesis of Aux(SR)y in water or methanol - one phase method
The HAuCl4.3H2O was dissolved in 50 mL of DI water or methanol depending of the
solubility of the ligand. To this reaction mixture the ligand was gradually added while the
solution was stirred slowly. A cloudy white suspension was formed after disappearance of the
yellow color of the gold salt solution. The solution was cooled in an ice bath for 30 minutes.
NaBH4 dissolved in 12.5 mL of ice cold DI water was added to the reaction mixture while
stirring at 1000 rpm. The milky white color of the mixture rapidly turned black after the addition
of NaBH4, indicating the formation of NMs. After 1h, the mixture was rotary evaporated until
the total volume was reduced to about 5 mL. The temperature during rotary evaporation was kept
below 30 °C. The resulting product was further purified by precipitation or SEC.100
2.2.2 Synthesis of Au144-xPdx(SR)60 in toluene - two phase method
The NMs were synthesized by using two phase Brust.77 30 mL of aqueous solution
containing HAuCl4 and K2PdCl4 (total metal concentration was set to 30 mM) was mixed with
30 mL of toluene and 1.1 mmol of TOABr. The initial mole ratios of Au : Pd precursors were 1 :
0, 1 : 0.1, 1 : 0.33, 1 : 1 or 1 : 1.5. After stirring for 30 min, the organic phase was separated and
10 mmol of PET was added and further stirred for 30 min at room temperature. This solution was
cooled in an ice bath for 30 min. 20 mmol of NaBH4 in 20 mL of water cooled to 0 oC, was
rapidly added to the reaction mixture under vigorous stirring. After 3 h, the organic layer was
separated from aqueous layer and evaporated to dryness. The product was washed with methanol
to remove excess starting materials and by-products. The residual mixture was extracted with
toluene.

35

2.2.3 Etching of crude product with non-polar ligand
20 mg of product was dissolved in 0.5 mL of toluene and etched with excess PET at 80
0

C under stirring. The pure fractions isolated from size exclusion chromatography and solvent

fractionation.82
2.2.4 Etching of crude product with polar ligand
10 mg of crude product was dissolved in 0.5 mL of water or methanol depending of the
solubility of the ligand and etched with excess ligand at elevated temperature under stirring. The
pure fractions were isolated using SEC and solvent fractionation.
2.2.5 Polyacrylamide Gel Electrophoresis (PAGE)
PAGE experiments were carried out using a Bio-Rad protean II xi vertical gel apparatus
(dimensions 1.5 x 160 x 160mm) and Thermo Scientific Owl S4S aluminum backed sequencer
system (dimensions 1.5 x 200 x 450mm). Gels were prepared in our laboratory for both systems.
The gels made for Protean II used 40% concentration of acrylamide monomer and 29:1
acrylamide to bis-acrylamide ratio. For optimum separation at low molecular weight region, 35%
acrylamide separating gel was used. 10 mg of Au:SR clusters in 450 µl of 5% glycerol/water was
loaded. These gels were ran at 200 V from 10 to 24 hours at 8 °C. The gels made for the Owl
S4S used 30% concentration of acrylamide monomer and 29:1 acrylamide to bis-acrylamide
ratio. For optimum separation at high molecular weight region 23% acrylamide separating gel
was used and 20 mg of Au:SG clusters in 450 µl of 5% glycerol/water were loaded. The gels in
Owl S4S were ran at 200 V for anywhere from 36 to 48 hours at room temperature.
All separating gels had 0.375 M concentration of Tris-HCl and a pH of approximately
8.8. For both systems, 4% stacking gels were prepared using 30% concentration of acrylamide
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monomer and 19:1 acrylamide to bis-acrylamide ratio. Stacking gel has 0.125 M Tris-HCl
concentration and separation was enhanced by running samples without lanes across the entire
gel. The running buffer consisted of 192 mM glycine and 25 mM Tris-base. After the
separation, bands in the gel were cut out individually and crushed and placed in vials with 4 mL
of HPLC grade H2O. The vials were then placed in a refrigerator at 2 oC for 1 h (or overnight for
greater yield) for extraction of clusters into water. Any remaining acrylamide gel particles were
filtered out using syringe-filter with 0.3 μm pore size. 90,100,131
2.2.6 Optical absorption spectroscopy
The absorption spectra of different bands were acquired using a Shimadzu UV-visible
spectrophotometer (UV-1601).
2.2.7 ESI mass spectrometry
All mass spectra were acquired using a Waters™ Synapt High Definition Mass
Spectrometer. The samples were diluted up to 0.25 mg/mL in a solution based on solubility of
the NM. All the mass spectra processed using Masslynx 4.1 software suite (Waters™ Corp.). If
needed, pH of the solution was controlled for selected experiments by adding aqueous solution
of 0.1 mol/L NH4OH or CH3COOH.100,132
2.2.8 MALDI mass spectrometry of non-polar NMs
For MALDI-MS of the NMs, 0.25 mg/mL of NMs in toluene or THF was mixed with an
1:500 ratio with solution of DCTB. The mixture was cast on a stainless steel plate and dried in
air for 10 minutes. MALDI mass spectra were acquired with a Bruker™ Daltonics Autoflex mass
spectrometer at optimal laser fluence.28 Spectral analysis were done using Bruker™ Daltonics
flexAnalysis version 3.0.
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2.2.9 SEC with Sephadex™ LH-20 Beads
LH-20 beads from Sephadex, were soaked in stabilized DMF or methanol overnight.
DMF or methanol was used as eluent and various fractions were collected. The fractions were
analyzed by ESI-MS to determine the composition. 10 mg of NMs crude product was loaded into
the column.
2.2.10 SEC with Biorad™ P100 Beads
Biorad™ P100 beads were soaked in stabilized in methanol or water overnight,
depending on the solubility of NMs. Methanol or water was used as eluent and various fractions
were collected. The fractions were analyzed by ESI-MS to determine the composition. 10 mg of
NMs crude product was loaded onto the column.
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2.3 MS of glutathione stabilized water soluble magic number gold NMs
2.3.1 Problem statement
Water-soluble NMs are highly desirable due to their biocompatibility and low toxicity
facilitating their use in biomedical applications.100 But real world applications using watersoluble ultra-small NMs are lagging behind organic solvent soluble non-polar NMs. This is
mainly due to lack of characterization techniques in aqueous media to confirm the
composition.100 Water-soluble NMs whose composition is confirmed by high resolution MS are
rare in literature, except for few cases based on Au25 species.133 There is an enormous gap
between the progress made in organic-soluble and water-soluble NMs.100 Therefore this section
of my dissertation research was conducted to fill this gap and was pursued with three specific
goals. The first goal was to develop a reproducible method for compositional assignment of
water soluble NMs using high-resolution MS. Previous reports indicate that synthetic approaches
for glutathione-protected NMs yield polydisperse products. Therefore, the second goal of this
project was size separation of NMs using polyacrylamide gel electrophoresis (PAGE). The third
goal was to study the composition of the magic numbered clusters in water-soluble systems and
compare them with the magic sized clusters observed in organic systems.
2.3.2 Approach
Glutathione (SG) is a tripeptide, which consists of glycine, cysteine and glutamine. The
free thiol group (-SH) in SG can be used for the protection of gold NMs. The SG was used as
ligand to synthesis NMs based on earlier reports which suggested that SG ligand produces water
soluble magic sized gold NMs.118 The single phase synthesis of NMs results in a polydisperse
product. Then the product was separated by PAGE gel resulting in multiple bands indicating a
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series of NMs present in the product. Long aliphatic chains and polar groups in SG could result
in fragmentation and adduct formation in MS analysis.132 This can cause difficulty in
characterizing SG protected NMs by MS. Therefore controlling the balance between
fragmentation vs. optimum conditions to generate gas phase ions in ionization source as well as
reducing the adduct formations are very important to analyze SG protected NMs.100,132 The
MALDI-MS is not well established to analyze to polar NMs due to the reproducibility issues
during the sample preparation with DHB matrix. Therefore a high-resolution MS instrument
embedded with ESI source was used to analyze the NMs. The new method was developed by
controlling the parameters related to the desolvation, collisional, trap and transfer energies,
which resulted in molecular ions with multiple charge states.132 However, purity of the NMs
plays a vital role in the MS analysis of these materials.100 The PAGE separated NMs was
contaminated with impurities such as small gel particles, salt and buffer. Therefore NMs were
purified by SEC column packed with Biorad™ P100 gel beads.82 Further purification was
achieved by precipitation with methanol several times before the MS analysis of NMs. Finally
low intensity of molecular ion peaks was vastly improved by optimizing the pH of the media
during the ESI-MS analysis.
2.3.3 Intellectual Merit
The NMs synthesized with glutathione ligand yielded 26 unique bands in PAGE
separation including the separation of plasmonic nanoclusters for the first time. This one pot
synthesis and subsequent PAGE separation resolved in an unprecedented range, from 10’s to
1000’s of Au-atom containing NMs. These bands contain Au25(SG)18, band 1 and Au38(SG)24,
band 4. For the first time, the assignment of Au43(SG)26 was reported with isotopic resolution.
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The newly developed ESI-MS method was used to analyze and assign the Au43(SG)26 which is
the largest water soluble gold NM assigned to date by using high resolution (isotopic) MS. The
results of this research were published in Nanoscale 2014. (Reference 100)
2.3.4 Results and discussion

PAGE
HAuCl4.3H2O 1:4 mole ratio
+
water
Glutathione

Crude
product

(H-SG)

Smaller
Clusters

35%
23%

Larger
Clusters

Figure 2.10: Scheme of synthesis and PAGE separation of Au:SG NMs
The scheme in Figure 2.10 outlines the synthesis and PAGE separation of Au:SG NMs.
The NMs were synthesized in 1:4 gold to thiol molar ratio in water. After synthesis, the NMs
were size separated by using 35% gel in Bio-Rad protean II and 23% gel in Thermo Scientific
Owl S4S. Figure 2.11a shows the PAGE separation of 35% gel and 2.11b shows the separation
in 23% gel. 14 unique bands were identified with the 35% gel and 12 bands were identified in
the 23% gel. After the PAGE separation, bands in the gel were cut out individually, crushed and
placed in vials as shown in Figure 2.11c. Extracted NMs in water shows in Figure 2.11d.100
Optical electronic spectra (UV-visible-NIR spectroscopy) of the PAGE separated NMs in
aqueous solution are shown in Figures 2.12 and 2.13. The absorption spectra of bands 0 to 4 in
35% gel show distinct features in the optical absorption spectra. The extracted NMs in band 1
contains Au25 NM as evident from the absorption peaks at 675, 480 and 400 nm.101 Furthermore,
band 4 has major absorption peaks at 750, 630 and 478 nm similar to the absorption
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characteristics to Au38 NM.101 Note that the absorbance curves are adjusted and offset for clarity.
Only qualitative information can be obtained from these absorption spectra. The absorption
spectra of bands 5 to 13 in 35% show monotonous or absorption curves with minor features.

Figure 2.11: PAGE separated Au:SG gold NMs. Photograph of (a) 35% gel showing separation
of smaller NMs in bands 0 - 13; (b) 23% gel showing separation of larger NMs in band 14-25;
(c) cut and crushed gel bands in vials; (d) extracted NMs in water.
Most of the NMs separated by 23% gel show the SPR band. When the clusters larger in
size, the SPR peak become sharper and is shifted to the higher wavelength region. This can be
observed clearly in the plot between absorption maxima versus band number shown in Figure
2.14. The smaller sizes unresolved by 23% gel were found as a dark band at the bottom of the
PAGE gel which is labeled as X' in Figure 2.11b.
One unique aspect about this separation is that all 26 bands were produced in a one pot
synthesis. The same crude product mixture was loaded into two gels with different acrylamide
concentrations (35% and 23%).131 The 35% gel separated the smaller particles into 13 bands,
while larger plasmonic particles do not move much in the gel as shown in Figure 2.15. In the
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23% gel, the larger plasmonic particles were separated. The smaller particles are unresolved, and
appear as a black band, clumped together down the gel. The UV-visible-NIR spectra of the
unresolved clusters X’ band does not show surface plasmon resonance (SPR) peak as shown in
Figure 2.16, confirming that these are the smaller clusters, that could not be separated by 23%
gel. The TEM experiments performed on PAGE separated bands 10, 14 and 22 shown in Figure
2.17. The average particle sizes found on these bands are consistence with the UV-visible-NIR
data. That is band 14 and 22 that display plasmonic band in UV-visible-NIR spectra shows
particles larger than 2 nm in TEM experiments. But band 10 contains particles smaller than 2
nm.

Figure 2.12: UV-visible-NIR spectra of
bands 0 to 13 separated using 35% PAGE
gel. Bands 1 and 4 resemble the optical
spectra of Au25 and Au38 spectra
respectively.
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Figure 2.13: UV-visible-NIR spectra of
bands 14 to 25 separated using 23% gel.
Note the SPR peak arising and growing
sharper from bands 16 through 25.

Figure 2.14: The plot showing surface plasmon peak maxima shifting to higher wavelength with
an increase in the size of the NMs

Figure 2.15: Full Gel picture of 35% gel after separation. Smaller NMs (marked as bands 0 to
13) separated in to bands. Larger NMs, however started to move through the gel up to some
level, but were not well separated. The larger plasmonic particles are at the top of the gel.
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Figure 2.16: UV-visible-NIR spectrum of band X’ in 23% gel

Band 10 ~ 1.8 nm

Band 14 ~ 3.0 nm

Band 22 ~ 6.0 nm

Figure 2.17: The TEM images of nanoparticles in band 10 (~1.8 nm), 14 (~3.0 nm) and 22 (~6.0
nm). Average particle size measured given in the brackets.
Tremendous progress has been made in mass spectrometry of larger organic soluble
NMs. However, this is not the case in water soluble NMs. There are few literature reports on
low-resolution MS of aqueous solutions of Au:SG compounds. This is mainly due to the
difficulty of controlling the balance of fragmentation or dissociation of the clusters vs generating
gas phase ions in ionization sources. Advanced MS instruments embedded with ESI ionization
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source can be successfully used to adjust many parameters such as desolvation, collisional, trap
and transfer energies to get the gas phase molecular ions without any dissociations.132 However,
purity of the NMs plays a vital role than the instrument parameter in the mass spectrometric
detection of these materials.100 The PAGE separated NMs can be contaminated with impurities
such as small gel particles, salts and buffers. Therefore NMs were purified by SEC column
packed with Biorad™ P100 gel beads. Further purification was achieved by precipitation with
methanol several times before injecting the NM solution into the mass spectrometer.
The typical parameters used in mass spectrometer to detect the water soluble SG
protected NMs are shown in table 2.2. Before injecting NM solution into the ion source, the ratio
of solvent mixture ratio is the first factor that should be optimized. Water has relatively high
evaporation temperatures and therefore it is difficult to evaporate to produce the gas phase ions
in ESI ion source.37 At the same time highly aqueous and neutral pH solutions are more difficult
to electrospray and NMs tend to aggregate in these solutions.134 Therefore organic solvents such
as methanol and acetonitrile are commonly added to aqueous samples. By considering solubility
and desolvation factors, 50:50 water:methanol solution was used to electrospray the samples.
Instrumental parameters
Solution
Capillary voltage
Sample cone
Extraction cone
Trap collision energy
Transfer collision energy
TOF mode

Condition
Water/methanol
2. 1 kV
44.0 V
4.5 V
0.5 V
1.0 V
W mode

Instrumental parameters
Source temperature
Desolvation Temperature
Cone Gas Flow
Trap gas flow
Source Gas Flow
Desolvation Gas Flow
Ionization mode

Condition
40 0C
160 0C
45 L/h
4.30 mL/min
0 mL/min
591 L/h
Negative

Table 2.2: Parameters used in Waters™ Synapt G1 MS for SG stabilized polar gold NMs
The negative ionization mode was selected after considering the net negative charges on
the protecting ligands. W mode was used to analyze all the NMs to obtain high-resolution
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spectra. After choosing the accurate solvent ratios, desolvation temperatures and gas flow rates
are the next parameters to be considered. It is well known that gas phase molecular ions are
extremely fragile in larger non-covalent complexes such as NMs, oligosaccharides, proteins and
oligonucleotides.132,135 Therefore desolvation gas is a critical factor to produce unfragmented gas
phase ions. But at the same time there must be enough desolvation gas flow to evaporate all the
solvents from droplets. In this case, 160 0C desolvation temperature and 591 L/h desolvation gas
flow rate were found to be optimum. In today’s MS instruments, it is common to use source gas
to remove the solvents and contaminants from the source chamber. But at the same time, free gas
molecules at ionization chamber can cause fragmentations.136 So for these experiments, did not
apply any source gases in to the ionization chamber. Bigioni and coworkers showed that
decreasing the source temperature increase the intensity of the peaks in polar gold and silver
NMs.132 Therefore the source temperature was kept as low as 40 0C.132 Cliffel and coworkers
found that increasing the sample cone flow rates reduce fragmentation during the analysis of
short-chain PEG mixed-monolayer protected gold clusters.137 Therefore cone gas flow rate was
set to 45 L/h.
Synapt uses Ar gas for CID.138 Optimization of trap and transfer is very important
because it controls fragmentation vs increasing the desired intact molecular ions. Bigioni and coworkers used the trap and transfer collision energy values of 4 V and 1 V for analysis of similar
sized NMs with Ag cores.132 In our case trap and transfer values of 1 V and 0.5 V gave the best
results. Cone voltages and trap gas flow rate were manually optimized to minimize
fragmentation and maximize the intensity.
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Figure 2.18: High resolution ESI-MS of PAGE separated bands 0, 1, 2, 3, 4, and 5 showing the
corresponding assignments Au22(SG)17, Au25(SG)18Na4, Au29(SG)20Na8, Au35(SG)22Na4,
Au38/39(SG)24Na4, and Au43(SG)26Na6 respectively. Several charge states ranging from -5 to -9
are observed for the bands
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a
b

Figure 2.19: a) Expansion of ESI mass spectra of band 0. Series of fragmented peaks were
produced after the loss of pyroglutamic acid132 from the molecular ion peak. b) Fragmentation of
SG to produce pyroglutamic acid

Figure 2.20: Theoretical and experimental isotopic distribution of Au22(SG)17, Au25(SG)18Na4
and Au43(SG)26Na6 showing excellent match.
ESI-MS of the PAGE separated bands yielded high resolution spectra with isotopic peaks
resolved. ESI-MS spectra of bands 0 through 5 were obtained as shown in Figure 2.18. Bands 1
and 4, identified as Au25 and Au38 using UV-visible-NIR spectra, were confirmed in ESI-MS
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spectra to be Au25(SG)18 and Au38/39(SG)24. Bands 0, 2, 3 and 4 were identified as Au22(SG)17,
Au29(SG)20,Au35(SG)22 and Au38/39(SG)24 respectively in agreement with earlier reports.118
The smallest size, band 0 was assigned to Au22(SG)17. This sample underwent severe
fragmentation via the loss of pyroglutamic acid from glutathione shows in Figure 2.19. This lead
to an envelope of peaks near the molecular ion region accompanied by many peaks in the low
mass, <1500 Da region. In comparison with band 0, the larger bands ionized with minimal
fragmentation. Band 1 in 35% gel was identified as Au25(SG)18 and this is the most common
species in the product. The charge states of -5 to -9 were observed for Au25(SG)18. It is common
that few number of Na atoms are associated with negatively charged SG molecules protecting the
NMs. We suspect these Na ions are coming from NaBH4 addition or buffer solutions used for
PAGE separation.100 Therefore band 1 is assigned as Au25(SG)18Na4. It is common that
contamination of adjacent band species also results in other peaks that appear as impurities in
desired NM mass spectrum. As an example the peak labeled as 1#1 in Figure 2.18 is due to the
contamination of Au22(SG)17 with Au25(SG)18Na4 in band 1.
The band 2 in 35% gel is assigned as Au29(SG)20Na and -4 to -9 charge states were
observed in ESI mass spectrum for this species. Further traces of Au25(SG)18 were observed with
clusters of band 2. The assigned formula for band 3 is Au33(SG)22Na and -5 and -6 charges were
observed for this NM. The band 4 in 35% gel contained Au38(SG)24 and Au39(SG)24 that could
not be separated by 35 % PAGE gel. Band 5 was identified as Au43(SG)26 and this is a new
magic sized NM that has not been reported before in the literature. The bands 0 to 4 were
previously reported by Tsukuda and coworkers along with clusters smaller than Au22(SG)25.118
They performed their synthesis in methanol media compared to our synthesis in water. Synthesis
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in water media produced cluster sizes greater than Au39(SG)24 up to more than 2nm. The isotopic
pattern of selected NMs, Au22(SG)17, Au25(SG)18 and Au43(SG)26 were compared with the
theoretical isotopic patterns shown in Figure 2.20. There is a good match between the theoretical
and experimental isotopic patterns, which confirms the assigned compositions.

Figure 2.21: The fragmentation pattern of ESI mass spectra of NMs at first 1-5 bands. The
observed fragments are Au(SG)2, Au2(SG)2, Au3(SG)2, Au2(SG)3 and Au3(SG)3

However, the fragmentation due to lose of Au(SG)2, Au2(SG)2, Au3(SG)2, Au2(SG)3 and
Au3(SG)3 were observed in all species shows in Figure 2.21.69,139,140 While there is vast
improvement in the MS of non-polar NMs in literature, there are not many studies on polar water
soluble NMs. There are few literature reports on low-resolution MS of NMs soluble in aqueous
solutions of Au:SG compounds. 48,75,76 As indicated earlier, electrospray process works better in
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H2O:MeOH mixture instead of pure H2O.132 This is because methanol facilitates the desolvation
and ionization process.120 As the size of the NMs increases, its solubility in methanol decreases.
This reduces the amount of methanol that can be used in electrospray. Low solubility in
methanol, interference from Na+ ions and possible remnant gel particles, buffer components from
PAGE play a role in the limited success of ESI of the larger particles.

a

b

c

Figure 2.22: a) The titration curve for the SG. b) The mass spectra of Au25(SG)18 at pH 5 (red), 7
(green) and 9 (blue) c) The mass spectra of Au25(SG)18 at pH 7, 4, 3.5, 2.5.
The pH of the solutions had an effect on the solubility of NMs. The pH value of the
solution also plays a vital role in charge distribution, ion intensity, fragmentation and adduct
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formation in MS of NMs.141 The pKa1, pKa2 and pKa3 values of glutathione are 3.6, 8.75 and
9.65 respectively.142 The titration curve developed by titrating glutathione with NaOH is shown
in Figure 2.22a and agrees with the literature pKa values.142 Glutathione protected NMs have
poor solubility at pH values below 2.5 and they start to precipitate at low pH values. At the same
time it is impossible to detect molecular ions above pH 9 due to adduct formation and solubility
issues. Therefore pH range 2.5 to 9 was used to study the effect of pH on the MS of glutathione
stabilized NMs. The pH values were adjusted in solutions using NH4OH and CH3COOH. The
solutions were injected by 0.1 mg/mL NMs in a solution of 50% methanol in water.
Figure 2.22b shows the mass spectra of Au25(SG)18 at pH 5, 7, and 9. At these values
charge states -5, -6 and -7 were observed in the mass spectra and do not show considerable
difference. The peak intensity at all three charge states was similar. The fragment ion peak at
1004 m/z due to the Au2(SG)2 showed same intensity at these three pH values. Figure 2.22c
shows the MS studies performed at pH values 7, 4, 3.5 and 2.5. But at these pH values peak
intensities were significantly different. When the pH value was decreased from 7 to 4,
fragmentation increased significantly. But when it is decreased from 4 to 3.5, resulting mass
spectrum showed better intensity peaks with less fragmentation. Comparing the mass spectra at
all pH values, the best mass spectrum was achieved at pH 3.5. At pH values below glutathione’s
lowest pKa, all the protons are intact with the carboxylic group. When considering the
electrospray process, polarity is essential to produce the gas phase ions. But highly ionic
molecular species suppress the signals.143 When the pH was changed to 2.5, no peaks
corresponding to molecular ion appeared in the mass spectrum. This is mainly due to the high
acidity of the solution interfering with the ion generation process and halting the production of
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molecular ions.
2.3.5 Conclusion
In this project, polydisperse crude product from a single synthesis was loaded onto the
PAGE gels to yield 26 discrete bands. The NMs extracted from these bands were further
characterized by UV-visible-NIR spectroscopy, ESI mass spectrometry and TEM. These
independent techniques confirmed that, this crude product constitutes of a series of molecule like
to plasmonic NMs. The isotopic resolution of water soluble NMs larger than Au25(SR)18 in any
type of MS was achieved for the first time, including the identification of new magic sized
Au43(SG)26 NM. The MS technique developed to ionize the water soluble NMs required gentle
conditions and optimum pH values depending on the ligand.
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2.4 MS of paramercaptobenzoic acid (pmba) stabilized magic number gold NMs
2.4.1 Problem statement
It is well known that polydisperse mixtures of aliphatic organo-thiolate capped gold NMs
resulted in magic number series of Au25(SR)18, Au38(SR)24, Au68(SR)34 and Au144(SR)60.119,144
The reported crystal structures and computational prediction of some of these NMs indicated that
these NMs have different core geometries and most of which are icosahedral.81,145 Preliminary
reports suggest that organo-soluble aromatic thiols produce different magic number series.
Recently Jin and workers reported NM protected with aromatic thiol (thiophenol) Au36(SR)24
showing a face centered cubic lattice.99,146 Recent research article published by Dass and
coworkers showed that Au102(SR)44 composition reported for aromatic ligands were not observed
in the non-aromatic case.147 The same NMs synthesized by aliphatic ligands yielded a mixture of
Au103(SR)45, Au104(SR)45, Au104(SR)46, and Au105(SR)46. Further these NMs have different
optical and electronic properties compared to the aliphatic NMs.89,99 Therefore, this new
nanomolecular magic number series for aromatic thiolate ligands gain interest among scientists.
But there is no evidence of magic number series for aromatic thiolated water-soluble ligands.
Therefore the main goal of this project was to identify the magic number series for NMs with
polar aromatic ligands.
2.4.2 Approach
pmba protected NMs were synthesized, separated and characterized. The synthesized
product was loaded into a PAGE gel resulting in 4 bands, but the NMs in these bands were not
extracted into the water even upon extended soaking. Therefore the necessity of of developing a
new protocol to separate NMs became the first goal of this project. A new SEC method by using
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Sephadex™ LH-20 beads was developed to separate the NMs. The SEC separation yielded pure
Au25(pmba)18. Compared to the aliphatic polar ligands, NMs protected with aromatic ligands
behave differently in MS characterization. This is mainly due to the solubility differences of
these ligands.100,148 Aromatic groups make these NMs less soluble compared to the aliphatic
polar ligands.82 Therefore a new ESI-MS method was developed using methanol as the solvent.
Based on the specific solvent system, the desolvation parameters were optimized, including gas
flow rates and temperatures. Furthermore, the trap and transfer collisional energies were
optimized to reduce weakly bound species.
2.4.3 Intellectual Merit
The synthetic procedure used to analyze pmba protected NMs resulted in four species
including Au25(pmba)18. The PAGE method was not successful to separate them. A new SEC
method developed using Sephadex™ LH-20 beads was capable of separating Au25(pmba)18 from
other NMs. A new ESI-MS approach based on methanol produced high quality MS results for
pmba NMs.
2.4.4 Results and discussion
For the synthesis, 1:3 gold to thiol ratio was used in one phase method using pmba ligand
as protecting group. The pKa of carboxylic acid group in pmba is 5.33.149,150 Due to the aromatic
group, this ligand has less solubility in water. But at higher pH, solubility of pmba increases. But
pmba has better solubility in methanol and it is the ideal solution for synthesis.151 In the case of
methanol, it is not necessary to adjust pH to improve solubility and therefore gives the advantage
of less ionic interferences when performing MS characterization.100 But after synthesizing the
NMs, they are highly soluble in methanol.151 Therefore NMs cannot be purified by methanol
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precipitation to remove excess ligands and byproducts. So NMs were further purified by using
Biorad™ P100 SEC gel beads.82,152 After purifying NMs they were size separated by using
PAGE 35% gel and using Sephadex™ LH-20 SEC beads.153
Instrumental parameters
Condition Instrumental parameters
Condition
Solution
methanol
Source temperature
40 0C
Capillary voltage
2. 0 kV
Desolvation Temperature
160 0C
Sample cone
55.0 V
Cone Gas Flow
0 L/Hr
Extraction cone
2.0 V
Desolvation Gas Flow
554 L/Hr
Trap collision energy
6.0 V
Trap gas flow
4.7 mL/min
Transfer collision energy
4.0 V
Source Gas Flow
50 mL/min
TOF Mode
V mode
Ionization mode
Negative
Table 2.3: Parameters used in Waters™ Synapt G1 MS for pmba stabilized gold NMs
There are some major changes in MS of water-soluble compared to the pmba protected
ones and parameters are shows in table 2.3. In this case, methanol was used as the solvent to
dissolve NMs and infused into the ionization source. Methanol has significantly different ratio of
desolvation compared to water.38 Therefore ion intensities are higher with the methanolic
solutions in ESI-MS compared to the 50:50 water:methanol. When considering the
fragmentation, pmba ligands are not fragile as the long chain glutathione ligands. Therefore
source gas flow rate was set to 50 mL/min. Glutathione tends to form pyroglutamic acid as its
main fragment and has high tendency to form adducts due to the number of carboxylic and amine
groups within the molecule. But compared to glutathione, pmba has only one carboxylic group.
For this reason, the peaks are less broad in pmba NMs compared to the glutathione protected
ones. Some adduct formation with Na+ and K+ ions are common with the pmba ligands. But
compared to the MS parameters of glutathione protected NMs, two major changes have been
made in this case. That is increasing the trap/transfer collision energies from 1.0/0.5 V to 6.0/4.0
V to remove the weekly bound species and adducts.
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The mass spectrum of the crude product after synthesis in methanol is shown in Figure
2.23a. Based on high resolution ESI-MS data; Au25(pmba)18, Au36(pmba)24, Au44(pmba)30 and
Au55(pmba)30 were identified in the product mixture. 99,154, 155 These NMs tend to fragment easily
by losing gold atoms and ligands. That's why formula assigned by MS of these NMs show loss
of few ligands compared to the literature composition.154,156 The crude product was loaded into
35% PAGE gel gave 4 bands shows in Figure 2.23b. These results are consistent with MS
results. These bands were cut, crushed and soaked in water to extract NMs in to the water. In
addition to the PAGE and solvent fractionation, there is no well-developed protocol to separate
polar NMs. But SEC technique was well developed to separate the non-polar NMs with Biorad™
FX beads.82
Therefore to separate pmba protected NMs, Sephadex™ LH-20 beads with exclusion
limits of 3000-5000 Da were selected.153,157 These exclusion limits are deduced for the globular
proteins. Burgi and coworkers showed that exclusion limits of SEC beads are much broader for
NMs compared to the values given for the globular proteins.82 LH-20 beads are made of crosslinked dextran and suited to use with polar as well as non-polar solvents.158 Methanol was used
as mobile phase. The eluted fractions were characterized by ESI-MS using the parameters in
table 2.3.
The NMs were collected as three rough fractions. The fractions are listed according to
increasing elution time shows in Figure 2.23c. F1 contains all four NMs. But F2 contains only
larger NMs, Au36(pmba)24, Ag44(pmba)30 and Au55(pmba)31 except Au25(pmba)18. But F3 mainly
contains Au25(pmba)18 with minor amounts of larger clusters. That is F2 and F3 shows
separations of larger NMs from smaller NMs, but F1 shows no separation. We expect this was
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mainly because of the loading errors. The next step was further purification of collected
fractions. Therefore F3 was re-fractionated by using the same LH-20 beads and four fractions
were collected as shown in Figure 2.23d. The last fraction F3-4 contain only the Au25(pmba)18
NM. Fractions F3-1, F3-2 and F3-3 mainly contain Au25(pmba)18 NMs with very minor amounts
of larger NMs. The original fraction F2 was further re-fractionated to separate Au36(pmba)24,
Ag44(pmba)30 and Au55(pmba)31 NMs, but it was not succeeded. Therefore LH-20 beads could
successfully separate Au25(pmba)18 from other clusters. But it does not have the ability to
separate other larger NMs.

a

b

c

d

Figure 2.23: a) MS of Aux(pmba)y crude product b) PAGE gel separation of Aux(pmba)y crude
mixture loaded into 35% gel c) The ESI-MS of NMs separated in first SEC run d) The ESI-MS
of NMs separated in second SEC run
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2.4.5 Conclusion
The synthesis of NMs using pmba ligand yielded Au25(pmba)18, Au36(pmba)24,
Ag44(pmba)30 and Au55(pmba)31. PAGE separated NMs into 4 bands. But NMs were not
extracted into the water. Therefore, in this project we demonstrated the separation of
Au25(pmba)18 NMs using SEC. A new series of NMs with Au25, Au36, Au44 and Au55 were
observed with aromatic ligands compared to the Au25, Au38, Au67 and Au144 in aliphatic ligands.
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2.5 MS of polar Au25(SR)18 NMs
2.5.1 Problem statement
Au25(SR)18 is the most studied NM to date.159 Its crystal structure and atomic
arrangement are reported by Murray and Jin groups in 2008.72,160 Recently, the crystal structure
of bimetallic Au25-xAgx(SR)18 was reported by Dass and coworkers.159 Au25(SR)18 shows
molecule-like properties with sizable HOMO-LUMO energy gap.160,161 Au25(SR)18 has many
applications in diverse fields due to its interesting optical, electronic and catalytic
properties.101,161,162 Au25(SR)18 along with Pt and Pd doped NMs are successfully used in
catalytic applications.34,163 Jin and coworkers showed that Au25(SR)18 has photocatalytic activity
in visible light region.162 The same group showed that catalytic activity of Au25(SR)18 is
enhanced by Pt doping for styrene oxidation.128 Recent article concluded that Pd doped
Au25(SR)18 enhance the aerobic alcohol oxidation.163 Even with these vast numbers of
applications there are very few literature reports based on polar water-soluble Au25(SR)18. This is
due to the lack of synthetic, separation and MS protocols for these NMs.100 Therefore the main
goal of this project is to synthesis Au25(SR)18 NMs with polar ligands and characterize them to
atomic precision using high resolution MS and optical spectroscopy.
2.5.2 Approach
There are mainly two approaches to the synthesis of polar Au25(SR)18.100,132 The first is
synthesis followed by PAGE separation and second is synthesis followed by thermochemical
treatment. The latter resulted in a product of higher purity, but have low yields. But our primary
focus was to develop methods for MS characterization to compositionally assign Au25(SR)18
NMs, synthesized with different ligands based on varying structure and polarity. So the later
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approach, where the synthesis was followed by thermochemical treatment became preferred
method. But SEC and fractionation methods were used as necessary in the purification process.
Au25(SR)18 is observed in three different charge states; anionic, cationic and neutral
species.161 But the most common form is negatively charged species. This is due to the enhanced
electronic stability of the NM due to the 8 electron closed shell in its anionic form.65 ESI-MS is
well suited to analyze polar or charged species.42 For this reason Au25(SR)18 NMs are
comparatively easily ionized in ESI source. Therefore, these NMs are almost always analyzed in
the negative ionization mode. However, these NMs can be observed in positive mode if it is
associated with a counter ion. Generally, the conditions of the MS determination are adjusted
mainly based on the solubility of Au25(SR)18. The solubility of polar NMs ranges from water to
methanol, but in rare cases these are soluble in acetonitrile.90,100 The chain length also plays a
major role in MS method development for polar Au25(SR)18. If the ligands has long carbon chain,
it is more open to fragmentation. Therefore special attention is needed to control the trap and
transfer collision energies and source gas flow rates when acquiring the MS of polar Au25(SR)18
NMs.132 For the longer chain ligands, the collisional energy needs to be decreased. But for
aromatic or shorter chain ligands increased collisional energies can be used.
2.5.3 Intellectual Merit
Here, the successful preparation of Au25 protected by captopril, 5-mercapto-2nitrobenzoic acid, glutathione and paramercaptobenzoic acid is reported. This section contains,
ESI-MS methods developed to characterize Au25(SR)18 NMs which differ in structure and
polarity as well as doped with foreign metal atoms, for example Au25-xAgx(pmba)18.
Furthermore, it explains different synthetic protocols and separation procedures to obtain
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monodisperse polar Au25(SR)18 for future applications.
2.5.4 Glutathione stabilized Au25(SR)18 NMs
2.5.4.1 Introduction
The synthetic pathways, separation protocols and compositional assignment has been
reported for SG protected Au25(SG)18 in literature.28,164,165 Au25(SG)18 known for its catalytic
applications.166 Negishi and coworkers recently showed that Au25(SG)18 has good photo catalytic
properties. Au25(SG)18 mixed with BaLa4Ti4O15 has 2.6 times greater catalytic activity compared
to other gold NMs.166 Further, Au25(SG)18 has potential applications in bio-conjugation.167

b

a

Au38
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Figure 2.24: a) PAGE gel separation of Aux(SG)y crude mixture loaded into 35% gel b) PAGE
gel separation of Aux(SG)y etched product mixture loaded into 35% gel
There are two ways to isolate Au25(SG)18.100,132 The most established method is isolating
Au25(SG)18 by PAGE separation.100 The other method is synthesis followed by thermochemical
treatment.65 PAGE method is more time consuming and laborious due to gel preparation and post
separation purification steps. Thermochemical method is convenient to get highly pure product
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compared to PAGE method. This section describes the synthesis of Au25(SG)18 NM by using
thermochemical method.
2.5.4.2 Results and discussion

a

b

c

Figure 2.25: a) Mass spectrum of isolated Au25(SG)18 NM. b) The deconvoluted spectrum for
Au25(SG)18 NM for the charge states -6,-7 and -8. c) The UV-visible-NIR absorption spectrum of
extracted NMs.
The NMs were synthesized using 1:4 Au to thiol ratio. The crude product formed by
synthesis was then subject to thermochemical treatment. 10 mg of the product was mixed with 10
mg of glutathione in water and the reaction mixture was heated at 55 0C for 6 h. After the
thermochemical treatment, NMs were washed three times with methanol to remove the
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byproducts and excess ligand. But this method provides considerably low yields, ~5-10%. Figure
2.24a shows the gel pictures of crude product and 2.24b shows product loaded into the PAGE gel
after 4 h of thermochemical treatment. For both the gels 8.2 mg of product was loaded. The gel
pictures clearly indicate that larger clusters are gradually decreasing and the smaller clusters are
forming during the process of thermochemical treatment. Further, Au25(SG)18 band gets wider
and this growth in size indicates that formation of Au25(SG)18 during the thermochemical
treatment.
Au25(SG)18 is highly soluble in water due to the presence of carboxylic and amine groups
in the protecting SG ligands. Further, the long carbon chain of the ligand can fragment easily.
Due to these reasons, parameters given in table 2.2 were used for the MS analysis of Au25(SG)18
NMs. The mass spectrum of glutathione protected NMs is shown in Figure 2.25a. The charge
states -5 to -9 were observed for this NM. The observed fragmentation pattern is common for
glutathione protected NMs due to the loss of pyroglutamic acid.132 Peaks corresponding to Na+
and K+ adducts were also observed in the mass spectra. The mass of the Au25(SG)18 is 10434
Da. The deconvoluted peaks in the 6-, 7- and 8- charge states overlap with each other and
correspond to fragments, K+ and Na+ adducts as shown in Figure 2.25b. Compared to the gel
separated NMs, mass spectrum shown in Figure 12, the mass spectrum of the NMs after etching
has less adducts. At the same time, the fragmentation due to the loss of Au(SG)2 and Au2(SG)2
was observed in the mass spectrum. In the NMs prepared via thermochemical treatment, less
fragmentation was observed compared to the gel separated Au25(SG)18 NMs. During the PAGE
process Na+ ions are added from the buffer solutions. These results in the broadening of the
peaks observed in the mass spectra. The absorption peaks at 675, 480 and 400 nm in the UV-
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visible-NIR spectrum of NMs as shown in Figure 2.25c confirmed the presence of Au25(SG)18.
2.5.4.3 Conclusion
There are two major methods to synthesize Au25(SG)18. Synthesis followed by etching
gives less yields but highly pure products with less adducts and less fragmentations in MS. The
high resolution MS showed peaks with -5 to -9 charge states. The UV-visible-NIR absorption
spectrum further confirmed the presence of Au25(SG)18 in the final product.
2.5.5 pmba stabilized Au25(SR)18 NMs
2.5.5.1 Introduction
The pmba protected Au102(pmba)44 is the first NM to be crystallized and by far the largest
NM to be crystallized.107 Au102(pmba)44 is successfully tagged with larger biomolecules for bio
medical applications.168 Apart from this report and Au144(pmba)60, pmba protected gold NMs are
not common in the literature.169 Recently few groups published Ag clusters with polar aromatic
protecting ligands.113,156,170 However, there are no reports for the compositionally assigned
Au25(pmba)18 in the literature. But it is important to know how the physical and chemical
properties vary when Au25(SR)18 is synthesized with polar aromatic thiols. So the main goal in
this project is to synthesize and develop MS method to compositionally assign aromatic thiol
protected NMs. pmba has higher solubility in water and methanol due to the carboxylic acid
group. At the same time, the solubility of pmba is highly dependent on the acidity or basicity of
the solvents. Pmba protected smaller NMs are highly soluble in dimethylformamide (DMF).156
Therefore NM solutions in DMF were used for the ESI-MS of Au25(pmba)18. But DMF does not
easily desolvate in the ESI source.171 To help the ionization and desolvation, 75% acetonitrile is
mixed with 25% DMF to dissolve the NMs.154
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2.5.5.2 Results and Discussion

a

c

b

Figure 2.26: a) ESI mass spectrum of isolated Au25(pmba)18 NMs b) Theoretical and
experimental isotopic distribution pattern for the Au25(pmba)18 for -3 charge state. c) The UVvisible-NIR absorption spectrum of extracted NMs in black with Au25(PET)18 in red
Au25(pmba)18 is prepared via a two-step process; synthesis followed by etching, similar to
the glutathione stabilized NMs. Synthesis was performed using 1:3 Au to thiol mole ratio. As
described earlier in section 2.4.4, it is difficult to extract Aux(pmba)y NMs into water after PAGE
separation. Therefore, synthesis followed by etching is the best method to obtain Au25(pmba)18.
The thermochemical treatment was performed by heating a mixture of 10 mg of crude product
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and 10 mg of pmba in methanol at 65 oC over 4 h period. Compared to the Aux(SG)y NMs, the
etching temperature was raised from 55 oC to 65 oC for pmba protected NMs due to their high
stability compare to the glutathione protected NMs. Higher temperature increase the rate of
reaction and the process is rapid.
Instrumental parameters
Condition
Instrumental parameters Condition
Solution
DMF/Acetonitrile Source temperature
65 0C
Capillary voltage
2. 0 kV
Desolvation Temperature
160 0C
Sample cone
55.0 V
Cone Gas Flow
0 L/Hr
Extraction cone
2.0 V
Desolvation Gas Flow
554 L/Hr
Trap collision energy
6.0 V
Trap gas flow
4.7 mL/min
Transfer collision energy
4.0 V
Source Gas Flow
50 mL/min
TOF Mode
V mode
Ionization mode
Negative
Table 2.4: Parameters used in Waters™ Synapt G1 MS for Au25(pmba)18 gold NMs
The MS analysis of pmba protected NMs was performed by setting up the parameters
given in table 2.4. As DMF does not desolvate easily in ESI source; the source temperature was
increased to 65 oC.171 The source gas flow was set to 50 mL/min. Trap and transfer collisional
energies also kept at 6 V and 4 V respectively to omit weakly bound species and adducts. The
molecular ion peak for the Au25(pmba)18 is 7678 m/z. Peaks corresponding to 3- and 2- charge
states were observed at 2559 m/z 3839 m/z respectively in the mass spectra of Au25(pmba)18 as
shown in Figure 2.26a with theoretical peaks. The isotopic distribution for the experimentally
observed peak 3- peak closely matches with the theoretical isotopic distribution as shown in
Figure 2.26b. This further confirms the presence of Au25(pmba)18 in the product. The Figure
2.26c shows the UV-visible-NIR absorption spectrum of purified Au25(pmba)18 in comparison
with Au25(PET)18. The absorption features that are found in Au25(PET)18 synthesized by aliphatic
ligands; such as 675, 480 and 400, are not found in NMs synthesized by aromatic thiols. Only the
peak at 400 nm is found in UV-visible-NIR spectrum of Au25(pmba)18. This might be due to the
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unwashed ligands or impurities associated with the NMs.
2.5.5.3 Conclusion
Au25(pmba)18 was synthesized via a two step method; The synthesis of crude product
followed by thermochemical treatment. The mass spectra of purified product indicated that only
Au25(pmba)18 is present in the product. Comparison of the theoretical and experimental isotopic
peak patterns further confirmed the composition of Au25(pmba)18.
2.5.6 Captopril stabilized Au25(SR)18 NMs
2.5.6.1 Introduction
Captopril is a polar molecule, which is soluble in wide variety of solvents such as water,
methanol and ethanol and has a shorter chain length compared to the SG.172 The short chain
length of the captopril is advantageous when it's used as a protecting ligand in NMs, as the
resulting NMs are still soluble in water. Also captopril protected NMs can be easily
characterized by MS due to low fragmentation. The captopril stabilized Au25(cap)18 NM is
reported by Jin’s group in 2012.173 This article described that these clusters are stable than
Au25(SG)18 towards the thermochemical treatment. Captopril has been used as a drug for the
treatment of hypertension.174 Our main goal in this project was to synthesis captopril stabilized
Au25(SR)18 and method development for MS characterization.
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2.5.6.2 Results and discussion
Aux(Cap)y
2 mg

Aux(Cap)y
4 mg

Aux(SG)y
2 mg

Figure 2.27: The gel picture of captopril and SG crude product loaded into PAGE gel in lanes. 2
mg and 4 mg of captopril protected crude product were loaded into left and middle lane
respectively. 2 mg of SG protected clusters loaded into the right lane.
The NMs are synthesized by single-phase method in 1:4 Au to thiol ratio in methanol.
After synthesizing, the product mixture was loaded onto 35% PAGE gel. Performing PAGE
separation on crude product running is advantageous to remove un-reacted ligand or other
byproducts.173 The product loaded onto the PAGE gel resulted in a single band as shown in
Figure 2.27. The crude product was loaded onto the PAGE gel in two different quantities to
confirm the additional bands of low concentration are not present in the gel. Crude product of
glutathione protected NMs was also loaded with the captopril protected clusters in a separate
lane as an internal standard. This crude product resulted in multiple bands as described
previously in section 2.3.4. The band corresponding to Au25(SG)18 is indicated by an arrow in the
gel picture. Due to the high mass, Au25(SG)18 shows lower mobility than Au25(cap)18.The NMs
were extracted into the water after PAGE separation.
PAGE separation yielded one band with minor amount of some very larger particles
observed in the interface in-between the stacking and separating gel. Therefore to improve the
purity of the product, the two step approach was followed. The crude product from synthesis was
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subject to thermochemical treatment. A mixture of 10 mg of crude product and 10 mg of
captopril ligand in water was heated at 55 oC over 6 h period. After etching, NMs were purified
by precipitation with methanol.

a

b

c

d

Figure 2.28: a) ESI Mass spectrum of isolated Au25(cap)18 NMs b) Theoretical and
experimental isotopic distribution pattern for the Au25(cap)18 for 3- charge state c) Theoretical
and experimental isotopic distribution pattern for the Au4(cap)4 for fragment peak d) The UVvisible-NIR absorption spectrum of Au25(cap)18
The compositional assignment of the NMs was performed using ESI-MS. Au25(Cap)18
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was dissolved in 50:50 water to methanol solution was used for MS. The parameters used for the
MS analysis are shown in table 2.5 and are similar to the parameters used for MS analysis of SG
protected NMs. Captopril ligand has polar groups similar to SG ligand.173 Therefore NMs
protected by captopril ligands are soluble in highly polar solvents. The source temperature was
raised to 80 oC to help desolvation, compared to 40 oC for the SG protected NMs, due to the
shorter chain length of captopril compared to SG.
Instrumental parameters
Condition
Instrumental parameters Condition
Solution
Water/methanol Source temperature
80 0C
Capillary voltage
2. 0 kV
Desolvation Temperature
160 0C
Sample cone
34.0 V
Cone Gas Flow
0 L/Hr
Extraction cone
1.7 V
Desolvation Gas Flow
591 L/Hr
Trap collision energy
0.5 V
Trap gas flow
1.0 mL/min
Transfer collision energy
1.0 V
Source Gas Flow
0.0 mL/min
TOF Mode
V mode
Ionization mode
Negative
Table 2.5: Parameters used in Waters™ Synapt G1 MS for captopril stabilized NMs
The mass spectrum of the NMs after extraction and purification is shown in Figure 2.28a.
The Figure shows the theoretical peaks for 2-, 3-, 4- and 5- charge states for Au25(cap)18. The
black color spectrum corresponds to the etched NMs dissolved in 50:50 water:methanol solution.
The blue color spectrum was obtained same NMs in acidic medium. The molecular ion of
Au25(Cap)18 has mass of 8813.4 m/z. The mass spectrum obtained for NMs in 50:50
water:methanol shows peaks with 5-, 4- and 3- charge states. But the peaks were broadened due
to formation of sodium adducts. The peak at 1652 m/z corresponds to the loss of Au4(Cap)4, and
has much higher intensity. Therefore, to increase the intensity of molecular ion peak, the media
was acidified. For captopril, pKa1 and pKa2 values are 3.7 and 9.8 respectively.175 The same
principle used to study the glutathione protected NMs with pH adjustments described earlier in
section 2.3.4 was used to analyze the captopril protected NMs. That is acidic media with pH
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value just below the pKa1 of carboxylic acid group in captopril protonates all the carboxylic
groups and reduces the adduct formation. The blue color spectrum obtained in acidic media
showed peaks corresponding to 3- and 2- charge states. In this case, the intensity of the 3- peak is
much higher compared to any charge state without acidifying. Fragmentation is also low in
acidic media.
All the mass spectra collected did not show peaks due to larger NMs. This confirms the
purity of the NMs produced using the two step approach. Figure 2.28b shows the theoretical
isotopic distribution pattern and experimental isotopic distribution pattern of Au25(Cap)18 NMs
for 3- charge state. The close match between the theoretical and experimental isotopic
distribution patterns further confirmed the presence of Au25(Cap)18. Figure 2.28c shows the
close match between the experimental and theoretical isotopic distribution patterns for the
Au4(Cap)4 fragment. The UV-visible-NIR absorption spectrum for the Au25(Cap)18 NM is shown
in Figure 2.28d. The absorption features around 675, 480 and 400 nm, found in Au25(SR)18
synthesized with aliphatic ligands, were also observed for Au25(cap)18.101
2.5.6.3 Conclusion
Au25(cap)18 NMs can be synthesized using two methods; synthesis followed by
thermochemical treatment or PAGE separation. ESI-MS of NMs showed that captopril protected
NMs produce less fragments and adducts compared to the SG protected NMs. This suggests that
captopril protected NMs are versatile systems to study the properties of water-soluble clusters
because of the ease of characterization through MS methods.
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2.5.7 5-mercapto-2-nitrobenzoic acid stabilized Au25(SR)18 NMs
2.5.7.1 Introduction
The stability of NMs is a vital factor when considering the real world applications.170
Some NMs are stable for few hours at room temperature and some NMs are stable over years.71
MNBA is the 4-nitro derivative of pmba. The recent article published by Bakr and coworkers
showed that the silver NMs protected with MNBA are much stable compared to the NMs
protected by other aromatic ligands.170 They further suggested that the stability of these clusters
might be due to the electron withdrawing nature of the ligand. Therefore the main idea behind
the synthesis of Au25(MNBA)18 was to produce stable NMs for ease of mass spectrometric
characterization and potential applications.
2.5.7.2 Results and Discussion

Figure 2.29: The gel picture of MNBA protected NMs loaded into 35% gel
The NMs are synthesized using 5,5-dithiobis(2-nitrobenzoic acid) in water by the
cleavage of disulfide bond using NaBH4. But the ligand is soluble only in basic medium.
Therefore the reaction was performed in 0.1M NaOH solution. The 1:2 mole ratio of Au: 5,5dithiobis(2-nitrobenzoic acid) was used initially. After synthesizing, the product mixture was
loaded onto the 35% PAGE gel. The gel separation is shown in Figure 2.29, and 7 bands were
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observed after PAGE separation. The band indicated in red arrow shows the unreacted ligand at
the very bottom of the gel. The NMs in each band were extracted into water for further
characterization.

Figure 2.30: The ESI-MS spectrum for band 3 extracted from the gel. Theoretical peaks are
shown in the top spectrum in red and the experimental peaks are shown in the bottom spectrum
in black.
The NMs extracted from the gel bands were highly soluble in water due to the polar
groups in MNBA. Therefore, NM solutions in 50:50 water:methanol were used for MS. The
conditions that have been used to analyze the captopril protected NMs were also used in this case
as shown in table 2.5. Similar to the pmba ligands, MNBA ligands also have a rigid structure. So
the source temperature was kept as 80 oC to help desolvation. The high resolution ESI-MS of
NMs extracted from all the bands was attempted, but clean spectrum was obtained for band 3
only, which is indicated in blue arrow in Figure 2.29. The red peaks shown in Figure 2.30
correspond to the theoretical peaks for 5-, 6- and 7- charge states of Au25(MNBA)18. But none of
the experimental peaks matched with theoretical peaks. However, the peak indicated with green
had a charge state 5- and the peak indicated by blue arrow had a charge state of 6-. These peaks
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were deviated from theoretical peaks considerably because of the Na+ adduct formation.
Considerable amounts of Na+ ions were added during the synthesis as NaOH, and in the gel
separation with buffer solutions. The carboxylic group of MNBA ligand has greater negative
charge compared to the carboxylic group in pmba ligands.170 This is mainly due to the electron
withdrawing from the nitro group. Therefore, all the NMs are associated were large number of
Na+ adducts and is the main reason for peak shifts. MS of MNBA protected NMs showed
considerable fragmentation. The main fragment was due to the loss of Au6(MNBA)6 from
Au25(MNBA)18.
2.5.7.3 Conclusion
MNBA ligands are highly charged and more polar than pmba ligands. Therefore MNBA
protected NMs are associated with large number of adducts thereby making the MS
characterization difficult.
2.5.8 Bimetallic AuAg pmba protected NMs
2.5.8.1 Introduction
The doping of NMs to synthesize bimetallic NMs has many advantages. The optical,
electronic, magnetic and catalytic properties can be enhanced significantly in bimetallic NMs
compared to the monometallic ones.112,163 Murray’s group reported Au24Pd1(SR)18 as the first
example of a nanoalloy-molecule.10 Some recent examples of Pd, Cu and Ag doped Au NMs
include; Au24Pd1(SR)18,25 Au25-xCux(SR)18,176,177 Au25-xAgx(SR)18,178 Au36Pd2(SR)2423 NMs from
Negishi’s group, Pt doped Au24Pt1(SR)18 NMs from Jin’s group34 and Ag doped Au38xAgx(SR)24
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, Au144-xAgx(SR)6021 and Au144-xCux(SR)60 NMs from Dass’s group. Water soluble
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bimetallic NMs could have many advantages when using these NMs as sensors, bioimaging,
drug delivery and catalytic applications.98,112,163,168 For example, some reactions take place only
in polar solvents and they need polar NMs for better catalytic efficiency.180 Bimetallic polar
NMs are not found in literature, except for the very recent report on Au25–xAgx(SR)18 NMs by
Xie and co-workers.181 They use 6-mercaptohexanoicacid to protect the NMs.
2.5.8.2 Results and discussion
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Figure 2.31: a) ESI Mass spectrum of isolated Au25-xAgx(pmba)18 NMs b) Expansion of charge
state 3- region c) Expansion of charge state 2- region d) The isotopic distribution pattern of
theoretical and experimental peaks for one Ag substitution at 3- region. e) The isotopic
distribution pattern of theoretical and experimental peaks for one Ag substitution at 2- region f)
The isotopic distribution pattern of theoretical and experimental peaks for two Ag substitution at
3- region g) UV-visible-NIR spectrum of Au25-xAgx(pmba)18 NMs.
The NMs were synthesized by using 1:0.5 Au to Ag metal precursor ratio. The high
amount of Au ratio was used because Dass and coworkers showed that as the Ag ratios was
increased, NMs become unstable.21,179 The NMs were synthesized using pmba ligands using a
metal to ligand ratio of 1:2. The reaction was performed in methanol, but the Ag precursor was
dissolved in 2 mL of water and added to the reaction mixture. The total volume of the reaction
mixture was 25 mL. After synthesizing the crude clusters, they were separated by using
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Sepadex™ LH-20 SEC column as described earlier. The purified clusters were used to obtain the
MS results.
The parameters listed in table 2.3 were used to obtain the ESI-MS in methanol medium.
Figure 2.31a shows the theoretical and experimental mass spectra for the Au25-xAgx(pmba)18
NMs. The black spectrum corresponds to the experimental mass spectrum and the blue spectrum
corresponds to the theoretical peak for Au25(pmba)18 NMs in 2- and 3- charge states. The green
color and red color spectra show the theoretical predicted peaks for the Au24Ag(pmba)18 and
Au23Ag2(pmba)18 respectively for the 2- and 3- charge states. Mass spectra show that up to two
Ag atoms can be incorporated into the NMs by using 1:0.5 Au to Ag metal precursor ratio. The
peak marked in asterisk has high intensity and corresponds to the molecular ion of Au25(pmba)18
adduct with one gold atom during the ESI process. This type of adduct formation is common
when free gold atoms are present in the electrosprayed solution.182 This could happen due to the
slow decomposition of Au25-xAgx(pmba)18 NMs due to the relatively lower stability of Au25xAgx(pmba)18 compared

to Au25(pmba)18. It is common that one Na+ atom is associated with all

the NMs to neutralize the negative charge. Figure 2.31b and 2.31c show the expanded region of
2- and 3- charge states respectively. In Figure 2.31b it can be clearly seen that only the NMs are
doped with one Ag atom. In Figure 2.31c, the second Ag atom doping can also be observed. The
theoretical isotopic distribution patterns plotted with the experimental isotopic distribution
patterns plotted for Au24Ag(pmba)18 and Au23Ag2(pmba)18 in different charge states are shown
in Figures 2.31d, 2.31e and 2.31f. The close match of theoretical and isotopic distribution pattern
of these clusters further confirms the silver incorporation into the NMs. The UV-visible-NIR
spectrum obtained for the purified NMs is shown at Figure 2.31g. The UV-visible-NIR spectrum
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obtained for the Au25(pmba)18 shows features around 675, 480 and 400 nm. Ag incorporated
NMs show all three peaks that are characteristics of Au25 core.101 Recent article reported Ag
prefers to be on the surface of the NM, rather than the core based on simple atomic properties
such as cohesive energy, surface energy, atomic radius and electronegativity.112,183 But recent
articles published by Dass group confirmed that Ag atoms are incorporated into the metallic core
based on crystal structure of Au25-xAgx(PET)18 nanoalloy.159 In this case, we assume Ag
incorporated into the Au12 icosahedral shell as shown in the crystal structure report.
2.5.8.3 Conclusion
Bimetallic polar NMs were successfully synthesized and characterized by using high
resolution ESI-MS. Maximum of two Ag atoms could be incorporated using 1:0.5 Au to Ag
metal ratio.

80

2.6 MS of Ag44(SR)304- NMs
2.6.1 Problem statement
The NMs with Ag atom metallic core shows interesting optical properties.131 Stellacci
and coworkers first discovered a set of aryl thiolate coated silver NMs that show intense and
broad non-plasmonic optical properties at an intermediate size.113 They named them as IBAN's,
which stands for intensely and broadly absorbing nanoclusters. These interesting NMs have eight
distinct absorption bands covering the entire visible spectrum with extinction cross-sections as
high as 2.59 * 105 Lmol-1cm-1. So these NMs are ideal candidates for the light harvesting
applications. These optical properties of NMs mainly dependent upon the size of the NMs.100
Therefore it is very important to determine the composition or dispersity of these NMs.113 FTP
was the original ligand used to synthesize these NMs and is highly soluble in DMF. Based on
stability and solubility, a new MS method is required to analyze these NMs.
2.6.2 Approach
The ESI-MS is the preferred MS method to detect the molecular weight or composition
of these NMs. The MALDI-MS was not desired due to the poor solubility of NMs in non polar
solvents causing difficulty to find the proper matrix. At the beginning, Stellacci's group (at
Massachusetts Institute of Technology back then, now at EPFL/Switzerland) contacted us for
compositional determination of FTP stabilized NMs. These clusters are soluble in DMF, and are
comparatively less stable and need to be stored at 4- oC. Two problems need to be overcome
during the MS method development for these NMs; (a) increased temperatures and gas flow rates
to facilitate desolvation and (b) use of delicate conditions to minimize fragmentation. But these
factors are dependent and inversely proportional to each other. Therefore a new method was
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developed based on acetonitrile and DMF solvent mixture to analyze the NMs where acetonitrile
facilitates the desolvation. Furthermore, this new method was based on varying cone voltages to
facilitate different multiple charge states. The deconvolution of different charge states into a
single molecular ion species produce more accurate results during the compositional assignment.
With the success in this project with the MIT group, the researchers from King Abdullah
University of Science and Technology (KAUST) from Saudi Arabia and University of Toledo
(UT) from Toledo, OH contacted us to analyze the Ag clusters that have same optical properties
similar to IBAN's. These NMs possessed different solubility and physical properties
necessitating new method development.
2.6.3 Intellectual Merit
The IBAN's comprise interesting optical properties. But composition and dispersity of
these NMs play important role in potential applications of these NMs such as sensors. Based on
previous experience with characterization of water soluble gold NMs, new methods were
developed to compositionally assign these silver NMs for the first time. With this success,
further research was conducted in the ligand exchange studies on Ag44(SR)304- resulting in the
44-Ag atom compound protected by different ligands. The results of this research were published
in Nanoscale 2012, Journal of Materials Chemistry A 2013 and Journal of the American
Chemical Society 2014. (References 154, 170, 184)
2.6.4 Results and discussions
The FTP protected NMs in DMF were received from Stellacci group from MIT. The
NMs with DMF solutions were not ionized by ESI-MS. Therefore acetonitrile was added to
DMF in 75:25 ratio. The conditions used to acquire the mass spectra are shown in table 2.6. The
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trap and transfer energy values were set to 6 V and 4 V to omit weekly bound species and
adducts. Due to the lack of desolvation of DMF in ESI source temperature has increased to 100
0

C. At the same time source gas flow was set to 50 mL/min. The experiments were carried out at

a number of sample cone voltages. These set of experiments were performed because different
sample cone voltages provide different multiply charged species by opening the molecule to
number of ionization sites by providing excess energy for ionization.52 Upon deconvolution,
these charge states would help to assign the composition of molecule accurately.125
Instrumental parameters
Condition
Instrumental parameters
Condition
Solution
DMF/Acetonitrile Source temperature
100 0C
Capillary voltage
2. 0 kV
Desolvation Temperature
150 0C
Sample cone
40.0 V
Cone Gas Flow
0 L/Hr
Extraction cone
2.1 V
Desolvation Gas Flow
600 L/Hr
Trap collision energy
6.0 V
Trap gas flow
5.3 mL/min
Transfer collision energy
4.0 V
Source Gas Flow
50.0 mL/min
TOF Mode
V mode
Ionization mode
Negative
Table 2.6: Parameters used in Waters™ Synapt G1 MS for IBAN NMs
The mass spectra obtained for three sampling cone voltages of 40 V, 75 V and 150 V are
shown in Figure 2.32. The composition based on each peak is listed in all three mass spectra. At
40 V of sampling cone voltage, 4- and 3- charge state peaks were observed in mass spectrum. At
75 V of sampling cone voltage 3- charge state dominating. The 2- charge state is dominant at
sampling cone voltage of 150 V. The results indicate that increasing the sampling cone voltage
decreases the formation of multiple charge state of NMs and increases the fragmentation.
Fragmentation is caused due to the energy transfer from cones to the gas phase ions due to the
increased cone voltage.52 The major peak at a sampling cone voltage of 40 V is the peak at 2140
m/z with 4- charge. This peak corresponds to a molecule formula of Ag44(SR)30. But major peak
at 3- charge state appeared at 2732.4 m/z give the formula of Ag43(SR)28. When sampling cone
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voltage was increased to 75 V and 150 V, peaks corresponding to Ag44(SR)30 were not observed
in the mass spectrum and a group of fragmented peaks resulted. But the dominant peak
corresponds to Ag44(SR)30. Based on the super atom theory, the charge state of the NMs was
predicted to be 4-. Ag44(SR)304- has a 18 electron shell closing, a stable composition based on the
super atom theory.154

40 V
Ag44(SR)30

75 V
Ag43(SR)28

150 V

Ag42(SR)26

Figure 2.32: ESI mass spectra obtained for Agx(FTP)y NMs at cone voltages 40 V, 75 V and 150
V. The assignment is shows near each peak.
The NMs synthesized by Stellacci and coworkers was highly unstable at room
temperature and was stored at -4 oC.113 Bakr and coworkers from KAUST, Saudi Arabia
synthesized highly stable silver NMs soluble in water using MNBA ligand.170 These NMs have
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similar optical properties to Ag44(FTP)30-4. The synthesized NMs were sent to our lab to identify
the composition. The MNBA protected NMs were highly soluble in water. Therefore the MS
parameters were same as those used for SG protected NMs, which are given in table 2.2 used to
analyze these clusters.
The mass spectrum acquired in negative mode, is shown in Figure 2.33. The olive
colored peaks show the theoretical peaks computed for the charge states 4-, 5-, 6- and 7- for
Ag44(MNBA)304-. The experimental mass spectrum is shown in red. The four major peaks
corresponding to 4-, 5-, 6- and 7- charge states of the resulting NMs are in good agreement with
their corresponding theoretical values. The inset in Figure 2.33 shows the expansion of the 5charge state centered at 2165 m/z, from which the molecular weight of the resulting NMs was
calculated to be 10.8 kDa. The adduct formation and fragmentation caused broadening of
peaks.170

Figure 2.33: Negative ion ESI-MS of Ag44(MNBA)30-4 NMs in comparison with the theoretical
spectrum of Ag44(MNBA)30. The inset shows the expansion of the 5- charge species.
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Another recent article from Bakr and coworkers reported that ligand shell of 4.57 mg of
Ag44(MNBA)304- can be exchanged rapidly by adding 1 mL of dichloromethane and ethanol
containing 0.013 mmol of the desired aryl thiol and 0.007 mmol of tetraphenylphosphonium
bromide under vigorous stirring.184 Bakr group used FTP, NTP and NT for these experiments.
This article showed that, this ligand exchange is rapid and is complete within 30 seconds. These
ligand exchanged samples were send to us, for compositional determination using MS analysis to
confirm the composition of the NMs after ligand exchange. The NMs are soluble in acetonitrile.
Therefore a different set of parameters were used to analyze these samples as shown in table 2.7.
The acetonitrile can be desolvated easily. Therefore the source chamber temperature was set to
65 0C and desolvation temperature was set to 200 0C. But source gas flow rate was set to 50
mL/min to remove any additional solvents. The trap and transfer collisional energies were set at
typical values.
Instrumental parameters
Condition
Instrumental parameters
Condition
Solution
Acetonitrile
Source temperature
65 0C
Capillary voltage
2. 0 kV
Desolvation Temperature
200 0C
Sample cone
55.0 V
Cone Gas Flow
0 L/Hr
Extraction cone
2.0 V
Desolvation Gas Flow
600 L/Hr
Trap collision energy
6.0 V
Trap gas flow
4.7 mL/min
Transfer collision energy
4.0 V
Source Gas Flow
50.0 mL/min
TOF Mode
V/W mode
Ionization mode
Negative
Table 2.7: Parameters used in Waters™ Synapt G1 MS for ligand exchanged NMs
The Figure 2.34a shows the 4- charge state of FTP exchanged NMs. The inset shows the
expansion of 4- charge state in comparison with theoretical isotopic pattern has a close match.
The complete mass spectra obtained after ligand exchanged with FTP, NTP and NT are shown in
Figure 2.34b, 2.34c and 2.34d respectively with assignment is shows near the each peak. The
theoretical and experimental peaks have a close match with the theoretical peaks predicted. This
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confirms the total exchange of MNBA ligands with FTP, NTP and NT in Ag44(MNBA)304- NMs.

a
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Figure 2.34: a) ESI-MS of the NMs after exchange with FTP thiols. Inset shows the expansion
of the 4- charge state in comparison with the calculated isotopic pattern of [Ag44(SR)30]−4 b)
Comparison of theoretical and experimental ESI-MS peaks of NMs after exchange with FTP
ligand c) Comparison of theoretical and experimental ESI-MS peaks of NMs after exchange with
NTP ligand d) Comparison of theoretical and experimental ESI-MS peaks of NMs after
exchange with NT ligand
Bigioni and coworkers also synthesized Ag NMs protected with pmba ligands that have
similar optical properties to IBANs.156 Bigioni and coworkers from University of Toledo sent
these NMs dissolved in water to our laboratory to analyze by MS and identify the composition.
But ESI MS of these Ag NMs in 50:50 water:methanol using the parameters in table 2.2 was not
successful. This was mainly due to the Na+ clusters formation in basic media masking the
molecular ion peaks of NMs. As described above, DMF and acetonitrile mixture yielded
molecular ion peaks for the pmba protected NMs. Therefore we requested that the samples be
modified so that they are soluble in DMF. With the new synthetic approach Bigioni group sent
the samples to us in mixture of solvents such as 75% DMF:25% water, 90 % DMF:10% water.
But none of these samples yielded molecular ion peaks due to the Na+ clustering. Finally, we
received the samples in 100% DMF. The 25% DMF:75% acetonitrile was used to acquire the
mass spectra as shown in Figure 2.35. The charge states of 4- and 3- were observed in the mass
spectrum for Ag44(pmba)304-. The number of Ag atoms and ligands are indicated next to each
peak. Only fragmented peaks after losing a few ligands or Ag atoms are present in the mass
spectrum. After these year long research findings were communicated to Bigioni’s group, it
appears that the ESI MS of the Ag44(pmba)30 was independently resolved in Toledo, which were
learnt from a recent report in Nature.156
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Figure 2.35: ESI Mass spectra obtained for Ag44(pmba)30 NMs. The assignment is show near
each peak.
2.6.5 Conclusion
IBANs have interesting optical properties. High resolution MS confirmed that the
composition of this NMs is Ag44(SR)30-4 with 18 electron shell closing. This composition was
further confirmed by synthesizing NMs with different ligands and ligand exchange reactions.
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2.7 MS of non-polar NMs
The MS methods are well established to characterize non-polar NMs.10,28,127,185 The
common thiolated ligands that are used to synthesize NMs are shown in table 2.1. The ultrasmall non-polar NMs can be classified into several classes based on their composition, metallic
core and nature of thiolated ligand.186 But they all have comparatively similar ESI-MS or
MALDI-MS determination approaches for almost all non-polar NMs. MALDI-MS of all nonpolar NMs is performed using DCTB matrix is the main reason.28 ESI-MS techniques developed
for the optimum conditions for THF and toluene/acetonitrile mixture that NMs are soluble.125
Instrumental
parameters
Solution

Condition

Instrumental
parameters
Source temperature

Condition

THF or
100 0C
toluene/acetonitrile
Capillary voltage
Depend on the
Desolvation
200 0C
mode
Temperature
Sample cone
55.0 V
Cone Gas Flow
0 L/Hr
Extraction cone
2.0 V
Desolvation Gas Flow 600 L/Hr
Trap collision energy
6.0 V
Trap gas flow
4.0 mL/min
Transfer collision energy 4.0 V
Source Gas Flow
50.0 mL/min
TOF Mode
V/W mode
Ionization mode
Negative/Positive
Table 2.8: Parameters used in Waters™ Synapt G1 MS for non-polar NMs
The ESI-MS conditions typically used to acquire the non-polar NMs are given in table
2.8. The capillary voltage is dependent upon ionization mode, fragmentation and mass of the
NMs. Non-polar solvents such as THF easily desolvate inside the source chamber and this helps
to generate peaks with high intensity. Therefore typical values of desolvation temperature and
desolvation gas flow rate i.e. 200 0C and 600 L/Hr respectively used to analyze non polar NMs.
Source temperature and source gas flow rate of 100 0C and 50 mL/min respectively further help
the desolvation. Trap and transfer typical collisional energy values, which are 6 V and 4 V,
respectively, omit weakly bound species and adducts.
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2.7.1 MS of non-polar bimetallic Au144-xPdx(SR)60 NMs
2.7.1.1 Problem statement
Non-polar gold NMs are the most studied due to their superior stability.187 Due to this
extraordinary stability of Au NMs, they are widely doped with other metals such as
Ag,21,178,179,188 Pd,10,23,25, Cu176,177 and Pt,34 to tune the electronic and optical properties.
Nanoalloys based on Au-Pd system is a known catalyst, 30,163,189-195 showing catalytic activity in
CO oxidation,32,92,196 hydrogenation of hydrocarbon197 and cyclotrimerization of acetylene.198 A
recent article shows that Au-Pd nanoalloy showed better catalytic activity than bulk metallic AuPd alloys in CO oxidation reactions.32
It has been shown that changing even a single atom in these systems can vastly effect the
catalytic activity.163 Therefore high resolution ESI-MS or MALDI-MS can be successfully used
for atom counting and compositional assignment. Au144(SR)60 NM is one of the most stable core
size including its resistance to harsh thermochemical treatment.199 Therefore the main goal of
this project was to synthesize the 144-atom Au NM doped with Pd atoms and characterize these
bimetallic NMs using MS and spectroscopic methods. The second goal was to predict the
atomic structure of the location of the doped Pd atoms in the 144-atom structure.
2.7.1.2 Approach
The synthetic pathways and MS characterization based on MALDI-MS and ESI-MS are
well established for the non-polar ultra-small NMs. The synthesis followed by thermochemical
treatment is the well-known method to synthesize the 144-atom NMs. Au144-xPdx(SR)60 NMs was
obtained by SEC and solvent fractionation. The monodispersity of the product mixture was
confirmed by using MALDI-MS and atom counting was performed by using high resolution
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ESI-MS.
2.7.1.3 Intellectual Merit
In this work, the main focus was to synthesize Au144-xPdx(SR)60 NM and characterize it
using different MS techniques to count the number of Pd atoms incorporated. High resolution
MS is required for the atom counting. High resolution ESI-MS confirmed that Pd incorporation
reaches a plateau at x=7 in Au144-xPdx(SR)60. All the Pd atoms are incorporated into Au12
icosahedral core, based on the proposed 3-shell structure of Au144(SR)60. Optical absorption
spectra of Au144-xPdx(SR)60 NMs suggest the incorporation of Pd atoms into the metallic core
rather than staple motifs. This 144-atom Au-Pd alloy system has potential applications as
catalysts. The results of this research were published in Chemical Communications 2013.
(Reference 112)
2.7.1.2 Results and Discussion
The NMs were synthesized by using two phase Brust200 method. ESI mass spectra of
Au144-xPdx(SR)60 nanoalloys synthesized using different Au:Pd metal ratios are shown in Figure
2.36. The most intense peak in the ESI mass spectrometry of all the nanoalloys was 3+ peak for
all the synthesized ratios. The distribution of Pd atoms is indicated by the 91.5/3 Da mass
difference between consecutive peaks (Au = 196.97 Da, Pd = 106.42 Da, Dm = 91.5) in the mass
spectra. Four Pd atoms were incorporated in the lowest 1:0.1, Au to Pd ratio. It is interesting to
see that, this trend extends up to 1:1 Au to Pd metal ratio and there are not more than four
incorporations in all the metal ratios. But at Au to Pd 1:1.5 mole ratio, NMs with seven Pd atoms
incorporation were observed in the ESI mass spectrum. When the mole ratios were increased to
1:2.5 Au to Pd, the product formed was less stable and decomposed in very short time during the
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thermochemical treatment even at low temperatures. When the metal ratios were further
increased to 1:5, no NMs formation was observed. According to the ESI mass spectrometry data,
the Pd atom incorporation plateaus at seven Pd atom incorporations. MALDI is a hard ionization
source compared to the ESI and suitable for analysis of NMs mixtures.119 So by using MALDIMS, more accurate representation of purity of the product can be obtained. Figure 2.37 shows the
MALDI mass spectra of purified NMs. This data confirms the purity of Au144-xPdx(SR)60 NMs.
The MALDI peaks are significantly broader due to the fragmentation from the loss of ligands by
the breakage of S–C bonds.201

Figure 2.36: ESI-MS data (3+ ions) of Au144-xPdx(SR)60 NM's for Au : Pd precursor ratios of 1 :
0 (black), 1 : 0.33 (blue), 1 : 1.00 (green) and 1 : 1.50 (red) in the starting material. The mass
difference between the peaks in nanoalloys corresponds to the Au (196.97 Da) and Pd (106.42
Da) mass difference, Δm of 90.5 Da. A maximum of seven Pd atoms are incorporated.
Au143Pd1(SR)60 and Au142Pd2(SR)60 are the most intense peaks in all the ratios. The number of Pd
atoms incorporated is denoted by x,y in each mass spectrum according to the formula,
AuxPdy(SR)60, where x+y=144, suggesting special stability of the 144-atom structure.
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Figure 2.37: MALDI mass spectra in (positive mode) of Au144-xPdx(SR)60 nm's for Au : Pd
precursor ratios of 1 : 0 (black), 1 : 0.33 (blue), 1 : 1.00 (green) and 1 : 1.50 (red) in the starting
material.
Based on the proposed structure for Au144(SR)60, there are three concentric shells of 12,
42 and 60 gold atoms protected by 30 –SR–Au–SR– staples shown in Figure 2.3.71 We propose
that Pd atoms were selectively incorporated into the 12 atom central icosahedral core. In Au-Pd
core shell nanoalloys, there is always a lattice mismatch due to the difference in the atomic radii
of Au and Pd.202 Further it is noted that the lattice mismatch is increased by AucorePdshell
configuration. However, it can be minimized by PdcoreAushell configuration due to shrinking of
the outer Au shell.31,203 We think, the same principle might also apply to Au144-xPdx(SR)60 NMs
and Pd prefers the central 12 atom icosahedral core. In addition, it is important to note that,
surface energies of bulk metallic Pd is less compared to that of Au, suggesting that Pd atoms
prefer central core rather than the surface.31,204 Though the Pd atoms are in the inner core, there
is high possibility that these systems can be used as catalysts. The incorporation of Pd will
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change overall chemical properties of NMs. There is a recent report based on Au24Pd(SR)18 NM
successfully used as catalyst for alcoholic oxidation reactions, but the doped single Pd atom
exists in the centre of 13 atom icosahedral core. But for the same reactions undoped Au25(SR)18
NM shows lower catalytic activity.163

Figure 2.38: UV-visible-NIR spectra of Au144(SR)60 (black) NM's Au142Pd2(SR)60 (red) and
Au141Pd3(SR)60 (green). Au144(SR)60 NM's shows fine features at 394, 515 and 700 nm.
Au142Pd2(SR)60 NM's optical features at 394 and 515 nm are diminished (shown by arrows) and
Au141Pd3(SR)60 NM's optical spectrum is monotonous.
It is well known that, the high stability of Au144(SR)60 NMs is gained by the arrangement
of Au atoms in highly symmetric icosahedral cores.33 But, both geometric shell closing as well as
delocalized electron shell closing (DESC) contribute to the stability of smaller NMs such as
Au25(SR)18.19,33 The electron count according to the DESC model for Au144(SR)60 cluster is 84,
nowhere near to the next closed shell at 92. But substituted single Pd atoms contribute zero33
electrons to the delocalized electron density in the gold core due to the absence of 5s electrons.33
Replacing each Au by Pd atom results in electron deficiency and lattice mismatch on the overall
Au144(SR)60 NM. This could be one of the reasons for limited number of Pd incorporations
compared to that of Ag.
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UV-visible-NIR spectra of Au144(SR)60 (black), Au140Pd4(SR)60 (Red) and Au137Pd7(SR)60
(green) are shown in Figure 2.38. Au144(SR)60 NMs show fine features at 394, 515 and 700 nm.
But in Au140Pd4(SR)60 NM's features at 394 and 515 nm are diminished and Au137Pd7(SR)60 NM's
optical spectrum is monotonous. These results indicate that the optical fine features in
Au144(SR)60 NMs weaken with increasing Pd atom incorporation. This observation suggests that
Pd atoms are incorporated into the metallic core rather than staple motifs. The optical absorption
spectrum of Au24Pd(SR)18 NMs show the similar diminution of fine optical features on
Au25(SR)18 NM.10
2.7.1.3 Conclusion
In this project, we successfully synthesized Au144-xPdx(SR)60 NMs by using different
Au:Pd incoming mole ratios. ESI mass spectra indicated that Pd incorporation plateaus at x=7 in
Au144-xPdx(SR)60. We propose that, all the Pd atoms are incorporated into Au12 icosahedral core
based on the proposed 3-shell structure of Au144(SR)60. Optical absorption spectra of Au144xPdx(SR)60

NMs suggest that Pd atoms incorporate into the metallic core rather than staple

motifs.
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CHAPTER III
MASS SPECTROMETRY IMAGING OF SELECTED BIOMOLECULES
3.1 Introduction
A biomolecule is any molecule that is produced by living organisms.205 There are four
major classes of biomolecules: proteins, lipids, carbohydrates and nucleic acids. In addition to
these four classes, small molecules such as primary metabolites, secondary metabolites, and
natural products are also considered as biomolecules.206 MS plays a vital role in the identification
and structure elucidation of biomolecules.205,207

Figure 3.1: Ionization techniques used in MS instruments today categorized base on size on the
analytes and hard or soft nature of ionization
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Figure 3.1 shows the common ionization techniques based on the scale of hard and soft
ionization and the relative molecular size. According to this scheme, MALDI and ESI ionization
techniques are well suited to analyze intact large molecules as well as small molecules. This is
mainly because of their soft ionization nature.
3.2 MALDI Mass Spectrometry Imaging (MSI)
3.2.1 Introduction
MALDI-MS was originally developed for analysis of biomolecules.23 This is in part
achieved by the widely available matrices suitable for several types of compounds like
proteins208, peptides and lipids.209 Further, high sensitivity, large mass range (~1 million Da),
ease and time of analysis push this technique to the forefront in the analysis of such
molecules.210,211 Though the MALDI-MS technique is well established, it was only recently used
for imaging of biomolecules in tissue samples. This gives the spatial distribution of the analyte
of interest in two-dimensional space.212 By imaging serial sections, i.e. two dimensional analysis
of several layers, three dimensional distribution of the analyte could also be determined.213
However, in a short span of time, it has yielded some reliable and promising results, raising
interest among scientists in interdisciplinary research areas. These research areas include,
medicine,214 biology,215 chemistry,216 forensics217 and pharmaceuticals.218 Mass Spectrometry
Imaging (MSI) data is a true reflection of the spatial analyte distribution in a sample/tissue of
interest.219 Currently, traditional methods involve elaborate extraction protocols, which towards
the end; can determine the analyte qualitatively and quantitatively. No information of the spatial
distribution can be obtained, which is crucial in some cases. Figure 3.2 shows the image for a
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drug distribution in pancreatic tumor tissue of a mouse. On the left is the histology of the
pancreatic tissue where arrows indicate the tumors. Upon imaging of the same tissue after drug
administration, it can be seen that drug does not bind to the tumor cells, but instead is located in
the fatty tissue region. This shows that the drug administered in this case is not effective. This is
an example where spatial distribution is essential for conclusive results.220
Conventional methods of extraction could result in the loss or modification of analytes of
interest.221 MSI eliminates such loss or modification of the analyte in the intermediate steps of
isolation and purification. Also, the conventional methods used for the analysis of such
compounds in tissues are tedious and time consuming.221

Figure 3.2: Mouse Pancreatic tumor tissue: A comparison of histology (left) and drug
distribution (right) shows that a drug is contained in the fatty tissue and does not enter the
targeted tumor cells (arrowed). (Source: http://www.bruker.com/1821823_MALDI_ 072013_eBook.pdf)
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3.2.2 MALDI Imaging work flow

Figure 3.3: Four steps of imaging work flow. a) Sample collection and processing b) Matrix
application c) Data acquisition and d) Data processing222 Reprinted with permission from
reference 222. Copyright (2005) American Chemical Society
There are mainly four steps in MSI workflow. Sample collection and processing, matrix
application, data acquisition and data processing are these four steps.222 These steps vastly vary,
depending on the nature of the sample. Sample collection and processing is the entire procedure
from sample acquisition to matrix application including tissue pretreatment.223 The main goal of
this step is to maintain the molecular and spatial integrity. That is, to minimize the degradation
and physical deformations. Other goals are to minimize the analyte delocalization and optimize
the sensitivity for desires imaging experiment.224 Major concern in this step is the lack of control
of some of the parameters, and there are always tradeoffs between parameters. Sample origin,
sample sectioning, sample pretreatment and special processing are the major concerns in sample
collection and processing step.224
Origin of the samples can vary based on the sample type and sample size in MS imaging.
Sample types include animal tissues, plant tissues, bacteria colonies and forensic samples.225-228
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Sample size varies from few cells or few micro meters to whole animal body sections of small
animals such as mouse.219,229,230 Sample sectioning is very important in MSI, because thinnest
sections are essential for good intensity and sensitivity.224 But thin sections can be easily torn.
Therefore 10 to 15 μm samples are the best to work with.224,27 Microtomes or cryostats are used
for sectioning of the tissues. Low temperatures are necessary during the sectioning of tissue
samples.230 These temperatures are dependent on the type of tissue samples. Recommended
temperatures to cut tissue sections from different parts are shown in table 3.1. After sectioning
the tissues they are embedded on MALDI plate or indium tin oxide (ITO) glass slide.
The animal and plant tissue sections are very complex and sometimes sample
pretreatment is necessary to remove the interferences.231 Removal of the interferences yields
better sensitivity and reduced signal suppression. Sometimes sample pretreatment helps preserve
the samples for later analysis.232,233 But sample pretreatment has disadvantages such as analyte
delocalization and soluble analytes can be lost.231 Normally, tissue pretreatment is performed by
immersing the tissue sections in one or more solvents for 10 to 30 seconds. Lipids and salts can
be removed by washing the tissue sections in alcoholic solutions such as ethanol, methanol and
isopropylalcohol and organic solvents such as hexane and xylene.231
Working temp, oC
-12
-14
-14
-16
-16
-20
-20
-25
-25
-12 or -17

Tissue type
Brain
Liver
Lymph node
Kidney
Spleen
Muscle
Thyroid
skin
breast
Fixed tissue
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Table 3.1: Recommended temperatures for cutting unfixed tissues. Reprinted with permission
from reference 231. Copyright (2013) American Chemical Society
After the sample processing and pretreatment step, the next step is the matrix application.
In simple terms, any chemical compound that assists with desorption and ionization can be called
as matrix. The choice of matrix varies depending on the analyte of interest; such as protein, lipid,
carbohydrates and small molecules.230 Common MALDI matrices used for different types of
analytes are shown in table 2.1. Further, matrix can vary depending on the instrument polarity
considerations such as positive or negative ionization modes.224 Matrix should be vacuum stable
to minimize sublimation inside the instrument.234 There are many ways to apply the matrix on
the surface of imaging tissue samples. These techniques can be divided into two main categories
based on spotting and spraying. When considering the spotting techniques, the simplest way is
the spot the matrix by using analytical pipette.224 But nowadays this method is not used because
it will give poor resolution. Because of these disadvantages, advanced robotic spotting
instruments are available commercially in recent times.235,236 Using these instruments, pico to
nano liter volumes of matrix solutions can be applied and the parameters can be optimized
depending on the experimental needs. However, these robotic spotting instruments are expensive
and might not be affordable in some cases. The coating techniques can also be categorized based
on manual or mechanical. Manual matrix coating can be perform by using TLC sprayer or artist
paintbrush.224,236 TLC sprayers are commonly used in many imaging experiments. But
inconsistency of droplet size based on the orifice of the sprayer is the main disadvantage of TLC
sprayers. Paintbrushes produce fine droplets, but are easily corroded due to the organic solvents,
acids and bases used in imaging. Robotic coating instruments produce reproducible fine spray,
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but high cost is the major drawback.236 In addition to the coating and spraying, sublimation of the
matrix is also employed for matrix application on the tissue samples.237 In this method, matrix is
sublimed by heating under vacuum and deposited on the tissue sections. The sublimation
apparatus used for MALDI imaging is shown in Figure 3.4. The sublimation is performed
without any solvent and is advantageous for MSI.237

Figure 3.4: Sublimation apparatus using for MSI.237 Reprinted with permission from reference
237. Copyright (2007) Springer
After applying the matrix, the next steps are data acquisition and data processing.
Automated MALDI instruments are available for the data acquisition. Data processing and
developing the MALDI images based on the intensity of the desired analyte at different positions
on the sample can be performed using the software. For the experiments in this dissertation
Bruker™ flexImaging 3.0 was used to acquire all the data in automated fashion and for data
analysis and plotting.
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3.2.3 Method development for MALDI MSI of bacteria colonies
3.2.3.1 Imaging of Rapamycin an endophytic bacillus sp. isolated from Platanus occidentalis
3.2.3.1.1 Problem statement
Endophytes are bacterial and fungal species which reside in living plant tissues without
causing any diseases.238 Endophytes produce natural products that are important to the host plant
which play a vital role in the protection and survival of the plants. Some of these natural products
find uses in applications like agriculture, industry, and in medicine as antibiotics, antimycotics,
immune suppressants, and as chemotherapeutic compounds.239 Platanus occidentalis is a
Eudicotyledon species of tree which grows in the great plains region of the United States but also
extends into parts of southern Ontario and also the mountainous regions of northwestern
Mexico.240 The Bacillus genus of bacteria has endophytic relationship with Platanus
occidentalis.240
In the Department of Pharmacognosy at University of Mississippi, Dr. Mark Hamann’s
group is working on extraction of secondary metabolites including rapamycin from this
bacterium. Recent studies demonstrated that rapamycin exhibits significant activity against
mammalian brain tumors, and immune cells.241 First, using standard extraction protocols,
rapamycin was isolated and structure was confirmed by NMR analysis. Further mass
spectrometric confirmation of the compound was also obtained. Studying the time-dependent and
more importantly the spatial distribution of rapamycin on bacterial colonies was the primary
goal of this project.
3.2.3.1.2 Approach
It is necessary to develop a standard MALDI-MS analysis before starting the MSI. The
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rapamycin standard analyzed with CHCA matrix by MALDI-MS produced peaks with better
intensities and without interferences. Then imaging of the bacterial colonies was started as a
function of time. This was done by cutting part of the agar piece with bacteria colony from
growth media and mounting it on a ground steel target plate applying matrix, drying and
imaging.225 The thickness of the media plays a major role in quality of the MS images.
Sometimes agar pieces with bacteria colonies dry out and drop inside the instrument. Therefore
preliminary experiments were performed to find the optimum thickness of the colonies. The
delocalization of analyte is possible based on deposition technique and experience of the user. A
sieve with 20 μm mesh size was used to deposit fine powder of matrix to minimize the analyte
delocalization. The drying was performed as two-step process; first in incubator and then in
desiccator. The drying time was also optimized based on several preliminary experiments to stop
over drying. Over-drying can cause loss of analyte and the colonies can fall-off inside the
instrument. After imaging, bacterial colonies were tested for the spatial distribution of
rapamycin. During the imaging experiments, two more secondary metabolites (i.e. iturin and
fengycin - antifungal agents) were identified. Further MSI was successfully used to predict the
microbial and host interactions.
3.2.3.1.3 Intellectual merit
MS imaging, a cutting edge MS technology, which can provide time-dependent and
spatial distribution of analyte of interest. Recognizing the potential and need for its wider
adoption, the National Institute of Health (NIH) has funded Centers for the development and
training of MSI related techniques. For example, MSI has been already been used at Vanderbilt
University for studying the effect of chemotherapy on tissues, thereby potentially saving the
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patient from significant side-effects.
As part of my dissertation research, I have for the first time established the MS Imaging
expertise at the University of Mississippi, and applied it to the study of biomolecules. MSI
experiments confirmed the production of rapamycin and its spatial distribution within the
bacteria colonies. Such spatial distribution information is not available as part of other
conventional methods. New metabolomes in the bacterial colonies, which were overlooked
during the conventional processes including iturin and fengycin were detected during imaging
experiments. After the discovery of iturin, the project was further extended to study how host
plant regulates the iturin production by using MSI. Only the techniques that can provide spatial
distribution data are able to resolve this type of complicated problems.
3.2.3.1.4 Experimental results and discussion
For MALDI-MS, an aqueous solution of 0.25 mg/mL standards was mixed with an equal
volume of 50:50 water and methanol solution of CHCA. The mixture was cast on a stainless
steel plate and dried in air for 1 h. MALDI mass spectra were acquired with a Bruker™
Daltonics Autoflex mass spectrometer at optimal laser fluence.28 Spectral analyses were
performed using Bruker™ Daltonics FlexAnalysis version 3.0.
Seven CS20242 agar plates were poured, with days 1-5 poured with 10 mL of agar and
plates for days 6 and 7 poured with 15 mL of agar. 5 µL of Bacillus sp. containing glycerol
stock was placed in the center of each of these plates and placed in an incubator at 36 °C. One
plate was removed every 24 hours and colonies were excised from the agar plate and placed on a
Bruker™ MTP 384 steel plate. After a picture of the colony was taken for later overlay using
imaging software, alpha-cyano-4-hydroxycinnamic acid matrix was deposited on the colony
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using a 20 µm sieve for even distribution of the matrix. The steel plate was then placed in an
incubator at 36 °C for four hours. Afterwards, the plate was placed in a desiccator. The
desiccator was then placed under vacuum for 5 minutes and then sealed and the plate was left
inside for an additional 25 minutes. The plate was then removed and placed into a Bruker™
Autoflex II mass spectrometer equipped with the Compass 1.1 software suite (consisting of
FlexImaging 3.0, FlexControl 2.4, and FlexAnalysis 2.4). The samples were analyzed in linear
positive mode with 200 µm intervals. The spectra were collected in the m/z 700-1600 range at a
200 Hz laser frequency. After data acquisition, the data was analyzed using FlexImaging
software.
The mass of rapamycin is 913.55 m/z. Figure 3.6 shows the mass spectrum obtained for
the rapamycin standard. In the mass spectrum, the sodium adduct of rapamycin appears at 936.52
m/z and potassium adduct of rapamycin appears at 952.62 m/z. After acquiring this data,
imaging of the bacterial colonies was started with time resolution. The bacterial colonies were
tested for the spatial distribution of rapamycin. Figure 3.7 shows the images obtained for the
bacterial colonies with time. In the MS images of the rapamycin shown in Figure 3.8, the
molecular ion, (913.6 m/z), a fragment ion due to the loss of one water molecule (895.7 m/z) and
a potassium adduct (952.3 m/z) were observed. Further it is interesting to see that the distribution
of these compounds is different on the time scale. The observed changes were attributed to the
pH changes in the media due to the bacterial growth. During these imaging experiments, we have
observed new metabolomes in the bacterial colonies, which were overlooked during the
conventional processes.
Figure 3.8 shows the images for the three compounds that were additionally observed in
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the bacterial colonies. Temporarily these were labeled as Pep 1, pep2 and Pep 3. Up on close
examination of these images; it is observed that Pep 2 is seen on the growth areas of the colonies,
while, Pep 3 is seen outside the growth areas. In the bottom row of Figure 3.8, this can be
evidenced when the images of both the compounds, Pep 2 and Pep 3 are overlapped. Later by
using conventional extraction protocols and NMR experiments, pep1 was confirmed to be iturin
as shown in Figure 3.9a and pep3 was confirmed to be fengycin as shown in Figure 3.9b.243 This
whole project is a clear illustration of how MALDI-MSI is a superior detection technique than
the routine analysis and has the ability to identify and spatialy locate rapamycin, iturin and
fengycin in bacterial colonies.
The iturins have seven cyclized amino acids and a β-amino fatty acid.243 Iturins are
categorized based on variations of amino acids at different positions and also by variation in the
branching or length of the β- amino fatty acid.243 Iturins have demonstrated anti-fungal activity
against several pathogens.244 The fengycin group of lipopeptides contain 10 amino acids, eight
of which form a lactone and β- hydroxy fatty acid is linked to the peptide moiety through an
amide bond.245 Members of this group of lipopeptides have shown selective activity against
filamentous fungi and certain agricultural pests.
Iturin is important as antifungal agent.246 Therefore increased production of iturin might
be important for potential use of this natural product as antifungal agent. Therefore it is
important to know how the host regulates the bacterial iturin production. This will be studied
using MALDI-MSI. To test this hypothesis, first saw dust of P. occidentalis was extracted with
three solvents hexane, chloroform and methanol. The MALDI-MSI experiments were performed
on time course manner. Then 5 µL Bacillus glycerol stock was plated onto a series of seven
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different CS20 plates and surrounded by 10 µL of each solvent extract at approximately the same
distance from different sides of the colony as shown on Figure 3.11. Each 10 µL solvent extract
contains 0.5 mg of extracted material. Extraction was performed by Hamann lab in
pharmacognosy department at University of Mississippi. These extracts were placed at enough
distance from the bacteria spot to allow imaging of the colony before it grows to reach the
extracts. Distance was chosen so that the colony reaches the extracts in 5 days.
Another experiment was performed to check the effect of the extraction solvent (either
hexane, chloroform, methanol) on bacterial growth and secondary metabolite production. This
might results false positive. Therefore as a control, the first experiment was a time course
experiment that involved plating a 5 µL Bacillus glycerol stock onto a series of seven different
CS20 plates and surrounding these newly plated colonies with 10 µL of each solvent at
approximately the same distance from different sides of the colony. These plates were incubated
at 36 °C and monitored for growth. After four days bacteria had grown over all three solvents.
The bacterial margin did not show any variability depending on whether or not it expanded over
the areas where solvents had been placed and iturin production was uniform throughout the
colony area as shown in Figure 3.12 in olive.
The growth of bacteria colony over the five day period is shown in the top panel of
Figure 3.13. It is clear that bacteria eventually grow and around day three the colony has come
closer to all extracts and on day four they touch all three extracts. The images acquired for iturin
peak for day one is shown in red color and day two to five are shown in green color shows
bottom panel of Figure 3.13. The day one and two iturin production is fairly uniform throughout
the colony. There seems to be a slight increase in iturin intensity as a solid band as it is coming
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into contact with the chloroform extract at day three. A clear increase in iturin production
evidence on day four after the Bacillus extract has come into contact with the chloroform extract.
This can be clearly observed in Figure 3.14 when the iturin is plotted in colored intensity scale.
According to this plot iturin is distributed uniformly throughout the colony, but as the colony
comes into contact with the chloroform extract, the signals are clearly much more intense. These
results suggest that one or more compounds in the host chloroform extract are regulating the
iturin production.

Figure 3.5: Structure of rapamycin.

Figure 3.6: Mass spectrum of the rapamycin standard
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Figure 3.7: Images obtained from rapamycin after growing the bacteria for seven days.

Figure 3.8: Images obtained from colonies after growing the bacteria for seven days
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Figure 3.9: Mass spectra of images obtained from colonies after growing the bacteria for seven
days.

a

b

Figure 3.10: The structures of a) iturin and b) fengycin

Bac.

Figure 3.11: Bacillus sp. colony surrounded by host P. occidentalis extracts.(H) is hexane
extract,(C) is chloroform extract, (M) is methanol extract.
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Figure 3.12: MALDI-MSI iturin blank run. Bacillus sp. were analyzed by MALDI-MSI to as
certain if solvents affected either iturin production or Bacillus growth. Iturin signal is shown as
green. (H) hexanes, (C) chloroform, (M) is methanol.

Figure 3.13: Day 1-5 iturin production. Iturin intensity is relatively uniform throughout except
that more signals are found excreted from the colony. Chloroform extracts possibly inhibit iturin
production.
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Figure 3.14 Day four iturin production. The left panel shows the Bacillus sp. colony coming
into contact with the chloroform extract. The middle panel shows there is a substantial increase
in iturin intensity as the Bacillus colony comes into contact with the chloroform extract. This is
highlighted by using a colored intensity map representation in the right panel. The inset shows
how color relates to intensity.
3.2.3.1.5 Conclusion
New method was developed to identify the rapamycin in bacillus sp. in CS20 media
using MSI. Important secondary metabolite rapamycin was identified in bacterial colonies using
MSI. Rapamycin production is reconfirmed by fragmentation and potassium adduct observed in
the mass spectra acquired. MSI gave the opportunity to identify other metabolites such as iturin
and fengycin in bacillus sp. with spatial distribution of these compounds within the colony as
well as outside the colony. Further, new MSI method was developed to identify how the host
regulates bacillus sp. iturin production.
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3.2.3.2 Imaging of Manazmie A from Micromonospora sp. M42 Isolated from
Acanthostrongylophora ingens
3.2.3.2.1 Problem statement

Figure 3.15: (a) Acanthostrongylophora ingens, a common Indo-Pacific manzamine producing
sponge with the image of a colony of Micromonospora sp. (b) Structure of manzamine A
Ocean covers more than 70% of the earth. With high bio and chemical diversity marine
invertebrates in this special environment can be used as drug leads.247 The manzamine class of
alkaloids is one of the important marine natural products that can be used in therapeutic
applications.248 Figure 3.15 shows the manzamine producing sponge Acanthostrongylophora
ingens with symbiotic relationship with micromonospora sp. and structure of manzamine A.
Manzamine A was originally known as possible cancer lead but later scientists found that it has a
greater activity against malaria parasite Plasmodium falciparum.249,250 Mycobacterium
tuberculosis and serine/threonine kinases, such as GKS3-β and CDK5, are also inhibited by
manzamine A.249,251 When manzamine A was added to cancer treatment regimen, cancer cells
became susceptible to other treatments, but more importantly cell invasion and tumor metastasis
were also inhibited.252 Most recently manzamine A has shown promise as a suppressor of
hyperlipidemia and atherosclerosis in vivo.253 Even though the manzamine class of alkaloids
show high bioactivity; these compounds are of limited use in therapeutic applications due to the
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lack of constant supply. The shortest possible synthetic pathway of manzamine A involves 18
steps, which gives poor final yields.254,255 The fermentation approach is better way to overcome
these issues for constant supply of manzamine class of alkaloids for the therapeutic applications.
MALDI-MSI experiments can be used to identify and validate the production of manzamine
alkaloids.256
3.2.3.2.2 Approach
At the beginning of the project, there were challenges in choosing the appropriate matrix
for MALDI-MSI. After considering the solubility factors of analyte, sinapic acid was chosen
due to its ability to ionize manzamine A well, but without any interfering peaks. The typical
procedure, (i.e. cutting an agar piece with bacteria colony from growth media and mounting it on
a ground steel target plate, applying matrix, drying and imaging) was used for imaging
micromonospora sp. colonies did not succeed initially. This was mainly due to typical process of
two step drying; first in incubator and then in desiccator is not suitable for the processing of
micromonospora sp. colonies. Therefore colonies were dried in a vacuum oven for 8 hours at 38
°C. After fixing the drying issues, colonies were imaged multiple times, but manzamine A
production was not detected. However, when returning to the original 2002 M42 strain for
MALDI-MSI, production was again detected. Therefore MALDI-MSI data helped to confirm
that, consistent and stable production of manzamine A from M42 can decrease and even become
non-existent after multiple generations of subcultures.
3.2.3.2.3 Intellectual merit
Generally, SA matrix is use to analyze proteins but it is used to analyze manzamine A.
The MSI method developed to identify the manzamine A in Micromonospora sp. confirmed its
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production start in day 5 and gradually decreased in day 10. This MSI method can be used to
identify many important microbial metabolites in the future.
3.2.3.2.4 Experimental results and discussion
For MALDI-MS, an aqueous solution of 0.1 mg/mL manzamine A standard in methanol
was mixed with an equal volume of 50:50 water and methanol solution of matrix. The mixture
was drop cast on a ground steel plate and dried in air for 1 h. MALDI mass spectra were acquired
with a Bruker™ Daltonics Autoflex II mass spectrometer at optimal laser fluence.28 Spectral
analyses were done using Bruker™ Daltonics flexAnalysis version 3.0.
To prepare colonies for MALDI-IMS, 9-15 mL thick ISP2 plates with 2% artificial ocean
were poured and allowed to set overnight. 5 µL of Micromonospora sp. M42 was spotted in 6
distinct places on the plate. The bacterium was allowed to grow at 30°C in an incubator for 0-10
days. The plates were removed from the incubator, individual colonies and appropriate controls
were cut from the agar and placed on a on a Bruker™ MTP 384 ground steel plate using a
spatula. This was done slow enough to avoid the trapping of air bubbles underneath the media.
Then sinapic acid was sprinkled on top of the culture using a 20 µm sieve. The colonies were
dried in a vacuum oven for 8 hours at 38 °C, and the sample plate was inserted into Bruker™
Autoflex II mass spectrometer. The samples were analyzed in linear positive mode, with 200 µm
intervals. The spectra were collected in 360–1200 m/z mass range at 200Hz laser frequency.256
There were challenges in choosing the appropriate matrix for MALDI-MSI. Therefore
manzamine A standard was first analyzed with CHCA matrix and the resulting mass spectrum is
shown in Figure 3.16a. The red color spectrum corresponds to the matrix without the standard
and the blue color spectrum corresponds to the matrix with the standard. Manzamine has a mass
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of 548.76 m/z and sodium adduct of the manzamine has mass of 571.75 m/z. It is clear that these
two peaks are clearly interfering in Figure 3.16a. These interferences could be due to the matrix
or impurities. But the peak corresponding to the manzamine fragment ion due to the loss of one
water molecule at mass of 530.74 m/z has no interferences. During imaging experiments, it is not
conclusive to use a single peak and conclude about the unknown compound. This may give false
results. Therefore imaging experiments need multiple peaks of the same compound such as
molecular ion peak, fragment ion peaks and adduct peaks to confirm certain unknown
compound. Therefore CHCA is not suited for the imaging of manzamine in bacteria colonies in
ISP2 media. So by considering the solubility factors of analyte; DHB, SA, DHAP and NPG
matrices were tested to obtain the mass spectra of the manzamine standard and the resulting
spectra are shown in Figure 3.16b. According to the obtained mass spectra, it is found that only
SA and DHB are suitable for the imaging. DHAP and NPG are not suitable because the blank
matrix peaks are interfering with the molecular ion peaks.

a
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b

DHB blank

SA blank

DHAP blank

NPG blank

Figure 3.16: (a) Mass spectrum of manzamine A standard with CHCA (b) Mass spectra of
manzamine standard with DHB, SA, DHAP and NPG matrix

Figure 3.17: Mass spectrum of manzamine standard spotted on top of ISP2 media with DHB
matrix
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Figure 3.17 shows the imaging mass spectrum obtained for the blank colony without
bacteria using DHB matrix. The magenta colored spectrum is the DHB matrix and blank ISP2
media. The green color spectrum is DHB matrix, blank media and manzamine standard. But in
the mass spectrum it is clear that DHB matrix is also extracting other compounds present in the
media and these peaks are interfering with the molecular ion peak and sodium adduct peak of
manzamine. Therefore SA is the most suitable matrix for the imaging experiments. Figure 3.18
shows the manzamine A standard with fragment acquired using SA matrix. In the mass
spectrum, it is clear that molecular ion peak or fragment ion peak do not interfere and this is
most suitable matrix to analyze manzamine in bacteria colonies.

Figure 3.18: Mass spectrum of manzamine standard spotted on top of ISP2 with SA matrix
Therefore imaging experiments were performed using SA matrix. Manzamine A
production was confirmed in bacteria grown over 10 days in media by using MSI shown in
Figure 3.19. The red color images are the images that were developed for the molecular ion peak
of manzamine at 548.76 m/z. The green color is for the fragmented ion peak at 530.74 m/z.
Panel 1 shows the images developed for manzamine A standard spotted on top of the blank
media. Other panel shows the images developed for manzamine A produced by Micromonospora
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sp. The manzamine A production was started around day five. According to these results, most
manzamine A production was observed in day six colonies. After that it is gradually decreasing.
These results are consistent with the manzamine A production observed using the alternative
extraction protocols.256

Figure 3.19: MALDI-MS imaging of manzamine A production over 10 days.
3.2.3.2.5 Conclusion
SA matrix is the best matrix to analyze the manzamine A in bacteria colonies in ISP 2
media. Using MSI, manzamine production and spatial distribution was confirmed within the
bacteria colony in ISP2 media.
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3.2.4 Method development for MALDI MSI of animal tissues
3.2.4.1 Characterization of neurotransmitters in chick brain tissues by using MALDI-MSI
3.2.4.1.1 Problem statement
MALDI-MSI is already in use for the analysis of biologically important small molecules
in tissue samples to omit the time consuming extraction steps.223,224,226,257 MSI of tissue samples
offers several advantages, including detection of thousands of biomolecules in single acquisition,
cancer detection, prediction of the drug and metabolite interactions.213,223,226,257
The major idea behind this project is to image commonly found neurotransmitters in
chick brain tissues and later use this method to analyze drugs that are doped with chick brain
tissues and their metabolites. Spatial distributions of these molecules are very important to
resolve the complex problems. Common neurotransmitters and their metabolites such as
serotonin, dopamine, homovanillic acid and 3-methoxytyramine found in brain tissues were used
for this experiment as the first step to develop standard MSI protocol.258,259 Sample preparation
technique is the main challenge during the animal tissue imaging.213,226,235 Special attention is
needed during the sectioning of tissues and matrix deposition steps.
3.2.4.1.2 Approach
The approach taken to image animal tissues were different from microbial colony
imaging. After developing a standard protocol for MALDI-MS analysis of standard compounds,
chick brain was prepared for MALDI imaging. The first step was to section the tissue in 10 μm
thickness. The Lieca™ cryostat was used to cut the tissue sections and cryostat was cooled to -15
o

C to stop the analyte degradation during sectioning. Special care was taken to handle the tissue

sections, because thin tissue sections can be easily torn. The tissue sections were thawed before
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spraying the matrix. Then, thin layer of CHCA matrix was applied by using TLC sprayer at room
temperature in dark environment, to minimize the degradation of light sensitive analytes. Special
care was taken to stop the analyte delocalization during spray coating. The MSI was performed
in three different spatial resolution to find the analyte localization within the tissue section.
3.2.4.1.3 Intellectual merit
The MSI of animal tissues is the most developed in the MSI field to date due to its
application in disease control and pharmaceutical analysis. These experiments provide an
experimental procedure to image animal tissues for biologically important small molecules. But
improvements with matrix applications with automated instruments are necessary to proceed
with this project.
3.2.4.1.4 Experimental results and discussion
A methanolic solution of 0.1 mg/mL serotonin, dopamine, homovanillic acid and
3-methoxytyramine were mixed with a 1: 100 ratio of 50:50 water and acetonitrile solution of
CHCA. The mixture was cast on a stainless steel plate and dried in air for 1 h. MALDI mass
spectra were acquired on a Bruker™ Daltonics Autoflex II mass spectrometer at optimal laser
fluence.28 Spectral analyses were performed using Bruker™ Daltonics flexAnalysis version 3.0.
Chick brain tissues were obtained from Hamann lab in pharmacognosy department at
University of Mississippi. 10 μm thick chick brain sections were cut by using Lieca cryostat at 150C, and carefully deposited on the surface of ITO glass slide. Matrix was deposited by
spraying CHCA matrix solution in 50:50 acetonitrile:water on the glass slide by using TLC
sprayer. Then the ITO glass slides were fixed into the Bruker™ glass slide adapter and inserted
into Bruker™ Autoflex II mass spectrometer and chick brain sections were analyzed in linear
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positive mode, with 100, 200 and 300 µm intervals. The spectra were collected in 120–1200 m/z
mass range at 200Hz laser frequency

CHCA matrix

a

b

c

d

e

Figure 3.20: The mass spectrum of a) CHCA matrix b) seratonin c) dompamine d) homovanillic
acid and e) 3-methoxytyramine. The structure, molecular formula and mass of each compound
given in left corner
The mass spectra obtained for serotonin, dopamine, homovanillic acid and 3methoxytyramine are shown in Figure 3.20. Only peaks corresponding to serotonin and
dopamine were observed using CHCA matrix. Serotonin gave the molecular ion peak at 177.096
m/z and dopamine gave the peak with sodium adduct at 191.035 m/z. Therefore these two peaks
were focused during the MSI. Figure 3.21 shows the MS images after the MALDI imaging
experiments. Figure 3.21a shows the chick brain tissue section and 3.21b shows the image
developed by using matrix peak. This image shows that the matrix is covered through the tissue
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section evenly. Figure 3.21c shows the image developed for the dopamine. In this case, we were
able to observe molecular ion peak of dopamine rather than the Na adduct. There are no peaks
corresponding to serotonin in the mass spectrum. But it is clear that dopamine was saturated at
bottom of the tissue section in Figure 3.23b compared with Figure 3.23c. But it was expected
that this molecule would be distributed throughout the chick brain. This could have happened
due to the poor spray techniques. TLC sprayer was used to spray the matrix on the tissue section.
But droplet size can vary depending on the orifice of TLC sprayers and experience of the user.
Coarse droplets have the possibility of dripping down from top of the tissue section. The
dopamine is soluble in alcohols and water and might get solubilized with solvents in matrix.260
So dopamine in the tissue section might have dripped down because of the matrix droplets in this
case. So for successful imaging of animal tissue, equipments such as automated spray
instruments that produce very even and fine spray are necessary.

a

b

c

Figure 3.21: a) Glass slides with chick brain sections before applying the matrix b) images
developed by using matrix peak c) images developed for the dopamine peak

3.2.4.1.5 Conclusion
A new method developed was developed to detect selected neurotransmitters in chick

125

brain tissues by using MSI. Only dopamine was detected in chick brain tissues but spatial
distribution of dopamine was not as expected due to the poor matrix spray mechanism.
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3.2.5 Method development for MALDI MSI of plant tissues
3.2.5.1 Identification and distribution of melissifolianes A and B in Lindera melissifolia by
using MALDI-MSI
3.2.5.1.1 Problem statement
Plants produce important natural products that are beneficial in day-to-day life.261,262 MSI
is well suited technique for detecting these natural products as well as studying their
distribution.263,264 Further capability of detection of multiple metabolites at once, high sensitivity
and selectivity are the other advantages of MSI of plant tissues.263 Lindera melissifolia is native
to the Southeastern U.S. which is called pondberry and mainly populates edges of lakes and
ponds.265 This plant belongs to the Lauraceae family.266 Lauraceae family plants are well known
for their essential oils that have many applications.265,266 Recently, two important bismonoterpene hydroquinones named melissifolianes A and B were extracted from this plant, and
the structures are shown in Figure 3.22.267 Our main goal was to image the pondberry drupes and
confirm the presence and distribution of melissifolianes A and B in the Lindera melissifolia
drupes.

Figure. 3.22: Structure of melissifolianes A (1) and B (2). (470.64 m/z)
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3.2.5.1.2 Approach
The sample preparation techniques for plant tissues are significantly different from
animal tissues due to the differences in composition and structure.47 Plant tissues have pholem
and xylem, large vacuoles and presence of diffrent cells make them diffrent from animal tissues.
Due to high amount of cellulose in plant tissues, sometimes they do not stick on the glass slides
as good as the animal tissues.268 Therefore formallin fixed and paraffin embedded (FFPE) tissue
sections are commonly used for MSI because of their good adherence on the glass slides.269-271
Hamann lab in Pharmacognosy Department at University of Mississippi provided FFPE and 10
μm thick pondberry drupes on ITO glass slides. Then thin layer of matrix were applied by using
TLC sprayer. Special care was taken to minimize analyte delocalization. Then imaging was
performed in 200 µm high spatial resolution.
3.2.5.1.3 Intellectual merit
It is known that plants are producing more than 200,000 important metabolites and
natural products. Spatial distribution of plant metabolites is important to develop extraction
protocols, predict molecule-molecule interactions and synthetic pathways. This section provides
basic experimental procedure to image plant tissues by MSI. However improvements such as
matrix deposition strategies and direct imaging of plant tissues without FFPE is necessary for
further development of this field.
3.2.5.1.4 Experimental results and discussion
FFPE and 10 μm thick pondberry drupes on ITO glass slides were obtained from
Hamann lab in pharmacognosy department at University of Mississippi. Matrix was deposited by
same method used as in animal tissues as in section 3.2.4.1.4. The samples were analyzed in
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linear positive mode, with 200 µm intervals. The spectra were collected in 200–1200 m/z mass
range at 200Hz laser frequency.

a

b

c

Figure 3.23: a) ITO Glass slide with plant section after applying the matrix b) images developed
for melissifolianes (470.93 m/z) c) images developed for melissifolianes fragment after losing
one water molecule (453. 16 m/z)
The original mass of melissifolianes isomers is 470.64 m/z. Figure 3.23 shows the images
developed for the molecular ion peak and the fragment peak of melissifolianes. Figure 3.23b
shows images developed for molecular ion peak observed at 470.93 m/z. Figure 3.23c shows the
fragment ion peak observed after the loss of one water molecule at the mass of 453.16 m/z.
According to MSI results these important natural products were distributed whole through the
drupes.
3.2.5.1.5 Conclusion
The melissifolianes were identified in pondberry drupes using MSI. The sample
preparation for animal tissues are different from plant tissue sections. FFPE tissue samples were
used for MSI to adhere the tissue section to the ITO glass slides. Melissifolianes are distributed
throughout whole plant tissue section according to the imaging results.
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3.2.6 Method development for MALDI-MSI of forensic samples
3.2.6.1 Developing latent finger prints
3.2.6.1.1 Introduction

Figure 3.24: A) MSI generated for fingerprint contained drug cocaine B) computer generated
fingerprint from image. Reprinted with permission from reference 275. Copyright (2008)
Science
MSI of forensic samples such as hair and fingerprints is a recent breakthrough.272,273 This
is of great interest to the forensic investigators as this would yield much information relatively
shorter analysis time. Imaging can be performed on plastics, wood, glass, tissue or paper to
develop a complete fingerprint to identify the person involved in the crime.274 Several substances
like drugs, explosives and steroids can be imaged on site.275 Figure 3.24a shows a MSI
developed latent fingerprint using cocaine as the analyte.276 The ridges and minutiae can be
clearly identified in the image.277 Using this, a computer generated fingerprint is made for further
identity of the suspect as shown in Figure 3.24b. In collaboration with director of the Forensic
chemistry program at University of Mississippi, we started working on developing latent finger
prints using several analytes, primarily focusing on drugs.
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Figure 3.25: a) Actual fingerprint b) MSI for test compounds at 200 μm resolution c) MSI for
test compounds at 100 μm resolution
3.2.6.1.2 Experimental results and discussion
Fingermarks were prepared by preliminarily cleaning hands with alcohol wipes. The
marks were generated pressing the thumb into the standard compound first and then finger print
laid on to the ITO glass slide. Thin layer of saturated CHCA matrix solution in 50:50
acetonitrile:water was prepared and spray coated onto the glass slide using a TLC sprayer. In this
step extra care was taken to produce fine aerosol mist during the spray coating to prevent drip
down of the standard compounds due to large droplets. Then the ITO glass slides were fixed onto
the Bruker™ glass slide adapter and inserted into Bruker™ Autoflex II mass spectrometer. The
samples were analyzed in linear positive mode, with 200 µm and 100 µm intervals. The spectra
were collected in 120–1200 m/z mass range at 200Hz laser frequency.
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Figure 3.25 shows the fingerprint generated using three standard compounds. Figure
3.25a shows the actual fingerprint deposited on glass slide with standard compound before
spraying the matrix. Figure 3.25b shows the fingerprint patterns developed for the 3 standard
compounds at 200 μm resolution. Figure 3.25c shows the fingerprint patterns developed after
MSI at 100 μm resolution. It is clear that higher spatial resolution provides better images to
identify ridges and minutiae. Currently, we are working to extend the same concept to drugs and
other substances of interest.
3.2.6.1.3 Conclusion
A method was developed to image the compounds in fingerprints using MSI. High
resolution images are necessary to identify ridges and minutiae in finger print.
3.2.7 Method development for ESI-MS identification of G-quadruplexes DNA
3.2.7.1 Introduction
The characterization of oliginucleotides by MS became more popular in last two decades
after discovery of ESI and MALDI mass spectrometric techniques.278,279 The mass spectrometric
charachterization of DNA and RNA differs from other biomolecules. Phosphodiester backbone is
too fragile for most ionisation techniques and affinity of the phosphate backbone to cations such
as Na+ and K+ results make it difficult to determine the exact mass.280 Tolemeres are special
DNA–protein complexes located at the ends of chromosomes and they protect chromosome from
damage and recombination.281 These tolemeres are rich in guanine and hence recent findings
indicated that guanine rich DNA has posibility to form DNA quadruplexes (G4) with occurrence
of cations. G4 contains four guanine bases associated through Hoogsteen hydrogen bonding in
squre planar arangement.282,283 These squre planar tetrads can stack together to form G4 which is
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stabilised by certain cations inbetween the two stacks as shown in Figure 3.26.47,48 G4 has
become target for many anticancer drugs in the past few decades as tolemeres are activated in
more than 80% of cancer cells but absent in most normal cells.284 Therefore main goal of this
project is to develop a method for detection of human tolemeric G4 DNA by using high
resolution ESI-MS for cancer detection.

a

b

Figure 3.26: a) The arrangement G4 with metal ion in centre b) Possible topology of tri stacked
G4s.
3.2.7.2 Experimental results and discussion
For these studies we used KRAS gene and sequence is shown in Figure 3.27a.285,286 The
analysis was performed in guanine rich three regions of the gene cluster which shows in Figure
3.27a in three colors labeled as near, mid and far. The G4 were prepared by Tracy Brooks lab in
Department of Pharmacology, University of Mississippi. All mass spectra were collected using a
Waters™ Synapt High Definition Mass Spectrometer and mass spectrometry data was processed
using Masslynx 4.1 software. The ESI-MS parameters used for the analysis are given in table
3.2.
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Instrumental parameters
Condition
Instrumental parameters
Condition
Solution
Water/methanol Source temperature
100 0C
Capillary voltage
2. 1 kV
Desolvation Temperature
200 0C
Sample cone
58.0 V
Cone Gas Flow
0 L/h
Extraction cone
2.9 V
Trap gas flow
4.80 mL/min
Trap collision energy
6.0 V
Source Gas Flow
8 mL/min
Transfer collision energy
4.0 V
Desolvation Gas Flow
519 L/h
TOF mode
W mode
Ionization mode
Negative
Table 3.2: The parametors used to analyze KRAS DNA by Synapt ESI-MS
The MS anaysis was performed in water and methanol solutions which contains
ammonium acetate buffer. The DNA is highly chraged molecule. Therefore, NH4+ ions can
combine with DNA molecule to form adducts and give false results as G4's. Therefore MS
techniques need to developed in such a manner that these adducts can be avoided. Therefore to
improve the collisions to remove the weakly bound species source gas flow rate was set to 8
mL/min. Trap and transfer collisional energies were set to 6 V and 4 V respectively to omit NH4+
and other cationic adducts. To desolavate the water and methanol, conditions such as 100 0C of
source temperature, 200 0C of desolavation temprature and 519 L/h desolvation gas flow rate
were used. Considering the highly negative charge of DNA molecules, negative mode was used
to analyze the samples.
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b

Figure 3.27: a) The sequence of KRASnear(red), KRASmid(blue) and KRASfar(yellow) region b)
ESI-MS of KRASnear, KRASmid and KRASfar
KRASnear has 32 base pairs and has mass of 10254.7 m/z. The 4- and 5- charge states of
KRASnear have mass of 2562.6 and 20149.9 m/z, respectively. But along with the molecular ion
peak, two extra peaks also appear due to the formation of G4 DNA. That is, these peaks are
associated with two NH4+ ions in between the stack of G4 structures. This indicates that
KRASnear forms tri-stacked tetrad and two predominant species. KRASmid shows peak with three
NH4+ ions, suggesting quad-stacked tetrads. But KRASfar not associated with any NH4+ ions
suggesting that no G4 ions are formed.
3.2.7.3 Conclusion
ESI-MS method was developed to identify G4 tetrads in KRAS DNA and it was shown
that only the KRASnear and KRASmid produce G4s.
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